IN TWO SECTIONS—SECTION ONE 


AINSACTIONS 


of The American Society of Mechanical Engin cers 


3 Saag Priction in octane Hreines CARR-59-1) 
; Vic ie amas: 1) crnet i 


Design and Operating Problems With Gas- and Oil-Fired 
Boilers for Stand-By Stcam-Elceciric Stations: (FSP- 
Re ne a a A Bapconay 7 


Developmen: of a Fuel-Injection Spurk-[gaition Oil Ea- 
; eee ome (OGY 591) 2... CNG bolas Fodor’ 24 


A Review of Existing Psvchrometric Data in Relation to 
Practical Bngineering Problenis (PRO-59-1) 
ey Oe i, CM, Carrter and C: 0. Mackey 33 


The Contact-Mixture Analogy Applied to Heat Transter 
With Mixtures of Air and Watzr Vapor @RO-59-2) 
Ri MPEP CG 8a) ders 2 OAD Be Carver 49 


The Coneribucions of the U.S; Bureau of Mines to Heligm 
Production CPRO-59-3) «2... CW Stebel 2 55 


Modified 1.S:A. Orifice With Free Discharge (RP-59-1) 
M: P. O Brien avid R. Go Folsom 61 


OF 
CAM RARY 


JANUARY, 1937 


VOL, 59, NO. i age Wes a 
i : ¢ 


TCLANSACTIONS — 


of The Acnerican Society of Mechanical Bb aa 


Published on tive «th of every month, except March, June, September, and December 


“i blication Office, 20th. and. Northampton Streets, Easton, Pa, 
ba . Pee ‘=< the Headouarters of the Society, 29 West J ee elie New York, N. oe 


Members of Council. 1937 


PRESIDENT 
Jamas H, enon 
AESOP AMELIA Se PASE-PRESIDENTS VICE-PRESIDENTS 

LIES PRR TRAE ORE Peas expire Decensber Terms expire Decensbor, rasé 
AHA aaatun Cohen Ni Laie 1937 Harey R, Wasicorr 

OBR eMac EAN AWAY Powter 1938 sues M. Topp | 

PEAS e a al Pav. Dore 1939 + Jd. PieorT 
Wiiair ky Saduat Rane Eo Poanpens > 1940 


Winutaly, 12. Bark 194) 


MANAGERS 
Tei) ERD LE ICE ge Termes eccnits Deceruber, 1026 Terms excbere Dicauier, 1926 
Ps Gi caw kal tnaag urns etd Wo biie iuptey Eo W, Borsane 
Ty paege yd AV a tage Warren (. Linea ay Kanneta HY Coworr 
‘Aupeap bbsink Tasces W. Parker S$. Ws Duper . 
NRA RE SECRETARY 
Om ape race GC. B.Davirs 


Chairtnen of Standing Committees of Council 


js SA Ne WOME Noe Mia Yo POWER TEST CODES, R. H. Peawarp 
FUCHS. SUINGES URN GR EIS RTO RS tee PROFESSIONAL CONDUCT, E, B.. Fics 
FORTE S OPT SEIRD iie SO TUNE RN Sh sa gaa PROFESSIONAL DIVISIONS, Crojay Frren 
UCASE Nae Steel ADEM a NON MCU TOME RUEM Gs Con) Rut oh) BoE GU Shy PUBLICATIONS, Wak. Ryaw 
CO PH AUN RELATIONS WITH COLLEGES, Roy Vi Wricsr 
UO ECR spicier u 6 CMON. I Ate Cesena RESEARCH. Nv Es Fons 
PSE POY cela ata SAFELY. Haney H,; Jupson 
Pe Gees 7 Bbc if TOS, He a WG nee STANDARDIZATION, Waiter Samans 


ET See) Be JL ARALINS, Bas 7): DD aera 


Cormittee on Publications 


Nolte ie Asa: Clapp Advisory Members 
Tal Ts repeat ie Re le WoL, Dupuey, Searron, Wasn) LS. Marks; Casesziner, Mass. 
EMA Seat arth CAT GHEAR BLE ae; 3S TM Topp) New. Onneans, La, LON, Rowzey, Jeo Ciaion Manan) 
ent Gomes 0 Ss aiergere AN, Goomarn, Derkorr,tMice.) ~ L. By Zsuera Clunton Memvcn) 


herlicws, Vie foctervel( Gor be repoustble tor -stecemeats OF opinions advanceddn papers on, . vprinted au ite puplications.(D2, Par, 3): 


Antcced ag secre d~nicus riaite, Match 2, 1928, ut the Pose Office’ ap Baston, Pay under theact of August 2 aet2 Price $1.50 @ copy, 612.00 w 


PAS Cy RRS AR a UMTES, A) Ol GAD Ys Si 50 tm Veamen wna Tees oe address must he received two weeks before they are to be Teieotiee on 
MUTA ap ister Hake ceed le, an will aenew, wAdvene, i 


Capveiphie, 1937, by Tay American: Society or Maceanican ENGINERRS 


AER-59-1 


Piston-Ring Friction in High-Speed Engines 


By LOUIS ILLMER,! CORTLAND, N. Y. 


The author points out that the recent trend toward 
higher rotative speeds in automotive engines has revealed 
an accompanying rise in frictional losses caused by an 
accumulative pressure build-up in the annular pocket 
under the first piston ring. Reference is made to various 
data which can be used to determine with reasonable ac- 
curacy friction losses of a sliding piston ring. These data 
are treated analytically and coordinated to establish cri- 
teria for normal frictional ring drag at different rotative 
speeds and pocket pressures. A primary objective of the 
paper is to evaluate the piston-ring friction of a heavily 
loaded engine running at its highest speed. 


tive engines has revealed an accompanying sharp rise in 

frictional losses. Abnormal piston-ring drag is primarily 
responsible for such losses since piston rings tend to behave in 
a characteristic accumulative or self-loading manner that has 
not been clearly identified. When segregated, this frictional 
drag is found to increase progressively with augmented piston 
speed, and if it were allowed to reach inordinate proportions, the 
optimum mechanical efficiency could not be achieved. 

This aspect assumes particular importance when applied to 
multicylinder engines of comparatively small bore in which the 
ratio of combined cylinder contacting surface of the sealing rings 
to the piston area is unduly large. For instance, when the speed 
of such an engine is raised from 1000 to 4000 rpm, the loss by 
ring friction materially increases the initial ring drag per unit of 
piston area. 

Such peculiar performance evidently is caused by a relatively 
high pressure that builds up accumulatively in the annular pocket 
chamber under the first or breaker ring whenever the piston of a 
four-stroke engine piston is operated in excess of 1000 rpm. Suf- 
ficient test data have become available from scattered sources to 
enable the engineer to determine with reasonable accuracy the 
character of friction that prevails under a sliding piston ring. 
These experimental findings have been treated analytically and 
coordinated to establish a criterion for normal frictional ring drag 
at different rotative speeds and pocket pressures. 


"Tie recent trend toward higher rotative speeds in automo- 
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A primary objective of the present investigation is to evalu- 
ate the piston-ring friction for a heavily loaded engine while run- 
ning at its highest speed. Actual determinations for the result- 
ing pocket pressures are inherently difficult to obtain experimen- 
tally, hence values from tests at lower speeds must be projected 
into such an unexplored region. The equational method herein 
pursued forecasts the expectations under such extreme load condi- 
tions, although such treatment necessarily is speculative to some 
extent. More consistent results in separating internal losses are 
attained when the engine is motor-driven rather than run under 
its Own power. 

It will presently be shown that below a certain critical speed, 
the fluid charge entrapped within the first ring pocket closely 
follows the cyclic pressure change that occurs in the combustion 
chamber. The pocket pressure then fluctuates in unison with 
the intermittently applied piston pressure and reaches the maxi- 
mum cylinder pressure. A commensurate momentary peak pres- 
sure under the first or breaker ring is necessary to provide for 
a reasonably tight piston seal. In a four-stroke engine, the 
usual lateral gap or normal groove play of a snugly fitted piston 
ring still affords sufficient port area through which the periodic 
cylinder pressures can be equalized readily, provided the rate of 
repetition is kept below a certain critical value. 

In a four-stroke engine, the low-pressure exhaust and suction 
strokes bring about a more intensive venting of the first ring 
pocket and thus effects a corresponding reduction in the average 
ring thrust against the cylinder wall when running beyond such 
a critical speed. In the case of a two-stroke engine, the cited 
critical speed is lowered to about one half the critical speed of a 
four-stroke engine. When the intermittent cylinder pressure is 
applied in more rapid succession, the pressure in the breaker-ring 
pocket is no longer directly responsive to the full range of cylin- 
der pressure and thus brings about a sustained ring loading be- 
tween pressure applications. 

Piston-ring drag is largely fixed by the mean integrated pres- 
sure maintained behind the respective rings. When such an 
average unit pressure is carried beyond proper limits under any 
one ring, the underlying law of friction is changed and an appro- 
priate friction coefficient must be determined for each different 
circumstance. 

A perfectly tight piston ring operating with substantially no 
leakage or blow-by would involve excessive frictional losses. 
While a relatively small portion of the cylinder. charge is usually 
allowed to blow over the rings, the major portion of such blow-by 
should flow successively under the series of rings in labyrinth 
fashion and be trapped within the respective pockets. It is the 
first control ring that is subjected to the most severe duty. The 
remaining rings encounter a commensurate but progressively 
lesser range of pressure fluctuation. In a three-ring system, the 
working fluid entrapped in the last ring pocket is preferably re- 
duced and kept at a comparatively low pressure. The charge 
under the medial ring is likely to be subjected to a fluctuating 
pressure intermediate to which the first and last rings are sub- 
jected. When the first and second rings are side-fitted snugly 
into their grooves, the pressure drop occurring over each of these 
two rings may be taken as approximately equal in head magni- 
tude. 

At slower speeds, the pressure in the first ring pocket may be 
expected to drop to that of the atmosphere when the exhaust 
valve is opened. However, at speeds materially higher than the 
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critical rate of pressure application, the normal ring clearance or 
lateral gap becomes inadequate in vent capacity to release its 
pocket pressure completely. Hence, a fresh charge will be forced 
under the first ring before its previous pocket charge has dispelled 
itself and become entirely dissipated. 

Consequently, an accumulative loading effect is initiated under 
the first ring that may reach a sustained average pressure far 
higher than the mean cycle pressure. A progressive pressure of 
this kind acts to augment the frictional ring drag because the 
fluctuating pressure in the pocket beneath the first ring is upheld 
and no longer drops to the low initial-pressure level which prevails 
under slower running conditions. The discussed accumulative 
pressure is not confined to engine pistons but likewise occurs in 
motor-driven compressors of the high-speed reciprocative type. 

That such building up of ring pressure is actually established 
and assumes vital importance to high-speed-engine designers, may 
be traced by the following procedure. 

It is advisable to first lay down a rough basis for determining 
normal blow-by loss or outward leakage past the piston rings 
that is deemed allowable with increased rotative speed. Piston 
blow-by is found to bear a close relationship to the accumulative 
ring pressure. To this end, reference can be made to some tests 
by H. M. Bramberry? of a six-cylinder 31/4 X 5-in. four-stroke 
engine, in which the discharged leakage was measured in a cooled 
state through a suitable gas meter. The blow-by varies with 
the mean cycle pressure acting behind the piston and, while not 
definitely reported, its estimated value has been taken at 35 lb 
per sq in. The following equation is based upon medial-test 
determinations for such an engine and is deduced on the assump- 
tion that the anticipated blow-by increases with the square of 


the cylinder bore. Thus 
D2 
Be 5 a/ (NPeyc), approximately......... {1] 


where B = typical piston blow-by per cylinder for a four-cycle 
engine, cu in. per min; D, = cylinder diameter, in.; N = speed, 
rpm; and Pry. = basic mean pressure prevailing behind the pis- 
ton as taken over one entire cyclic period, lb per sq in. 

Other data have been checked against Equation [1] with fair 
corroboration. Piston blow-by changes with ring-fit, lubrication, 
and bore conditions; hence its actual value is likely to range 
rather widely between B/2 and 2B, although modern practice 
strives to hold such loss within restricted limits. Tests conducted 
by R. R. Teetor and H. M. Bramberry® show the blow-by expec- 
tation under different engine loads. When Equation [1] is di- 
vided by N to ascertain the blow-by per stroke, this varies as 


1/-/N and reveals a reduced unit leakage with increased running . 


speed. 
For a four-stroke engine, an empirical value for the factor Peye 


may be taken as 
tf Boome ep 
Se ee ea nS sa oc ec 2 
Ae 2) 


where mep = indicated mean effective pressure of the engine 
card, lb per sq in.; Pcom = 382(R — 1.7), approximately = maxi- 
mum compression pressure in a four-stroke engine, lb per sq in., 
gage; and R = ratio of compression when ranging between 3 to 
8. 

The equation factor !/, allows for the two idle strokes, while 


Prye — 


2 “Pistons and Oil-Trapping Rings for Maintaining an Oil Seal,” 
by H. M. Bramberry, Transactions, Society of Automotive Engineers, 
vol. 23, 1928, p. 418. 

3 ‘Piston Ring Progress,’”’ by R. R. Teetor and H. M. Bramberry, 
Transactions, Society of Automotive Engineers, vol. 27, 1932, p. 323. 


Peom/4 takes account of the mean compression pressure when 
limited to a four-stroke explosive engine. 

B. T. Robinson and A. R. Ford* succeeded in measuring the 
ring-pocket pressure for a 6!/2 X 11-in. engine while running up 
to 290 rpm under full-load conditions. These slow-speed deter- 
minations were made by maintaining counterbalanced pressures 
upon opposite sides of a small differential disk. When using a side 
fit or clearance gap of 0.002 in., the first or breaker ring was found 
to follow the changing cylinder pressure closely. (The mean pres- 
sure under the second ring dropped to about one half that in the 
pocket under the first ring, while the third ring showed an abnor- 
mally high cyclic-pressure behavior, quite similar to that prevail- 
ing in the second ring pocket. 

When testing a worn piston ring with a 0.010-in. gap, the second 
ring revealed a raised pressure fluctuation almost identical with 
that prevailing in the pocket under the first ring. Had these 
worn rings been fitted more closely, the pressure in the pocket 
under the third ring might have been reduced to a much lower 
value. However, this evidence clearly establishes a mean-pres- 
sure expectation under the first ring that is substantially equal 
to Peye, provided the speed conditions are not allowed to induce 
a progressive building up of such a base pressure. 

_ This test further demonstrates that the use of loosely fitted pis- 
ton rings materially increases the mean pressure under the second 
and third rings. This leads to a correspondingly higher frictional 
drag. The inherent tendency to raise:all of the ring pockets to a 
common pressure level, makes it apparent that piston-ring fric- 
tion is likely to become magnified after the master ring has been 
subjected to excessive groove wear. 

Current practice in lateral fits for a concentric snap ring into a 
piston groove, may be taken as follows: 


W = about D,/25 for passenger car engines...... {3] 
W = about D,/20 for truck and bus engines....... [8a] 
JP: =A OULI DD ABU ae eek (ae Se ean eae [4] 
G = about ~/W/300 to 1/W/400............-05- (5] 


where W = width of piston-ring groove, in.; JT = radial thick- 
ness for a concentric cast-iron snap ring, in.; and G = normal 
groove gap or side-fit allowance for a compression ring, in. 

The prescribed thickness 7’ corresponds to an initial expansive 
tension Pp of about 31/2 to 4 Ib per sq in. of bore contacting sur- 
face. The stipulated side fit @ still allows for a correspondingly 
small lateral movement of the ring within the groove confines 
since a certain amount of such play is needed to charge properly 
the underlying pocket against undue ring leakage. The use of 
but two compression rings in separate grooves is not unusual in 
present-day high-speed automotive and airplane engines. In 
order to reduce piston drag to a minimum under heavy engine 
loads, the ring width W is generally held to 1/3 in. even for bore 
sizes up to 6 in. and over, but such an extremely narrow snap ring 
is intrinsically frail. 

Referring now to the character of friction coefficient that 
applies to a flat piston-ring surface, this is found to be of a rather 
low order because the rubbing surface of a heavily loaded ring 
when subjected to a high pocket gas pressure is not adequately 
sustained by an unbroken film in the manner of a perfectly oil- 
borne journal. 

For purposes of comparison, reference is made to an earlier 
analytical survey’ made by the author on unbroken film lubrica- 


4‘An Investigation of Piston Ring Groove Pressures,’ by B. T. 
Robinson and A. R. Ford, Diesel Power, vol. 12, October, 1934, p. 
548. 

5 ‘Friction Coefficient Research,’’ by L. Illmer, Society of Auto- 
motive Engineers Journal, vol. 26, January, 1930, p. 67. 
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tion in rotating journals and for which the frictional resistane- 
depends primarily upon fluid shear. As applied to present needs, 
the results of such research may be summarized by the formula 


where f = normal’coefficient of friction for an unbroken oil film 


C, = type constant which is equal to about 2 for flat sur- 
faces running on relatively long guideways 
C, = circumstance constant the numerical value of which 


is never less than unity even under flooded lubrica- 
tion, and which constant is dependent upon the 
rate of oil supply, workmanship and similar oper- 
ating conditions 

P, = about Poy. + Po = integrated or mean ring pressure 
acting radially against the cylinder, lb per sq in. 
of bore contacting surface 

Po = initial snap tension of an expansible piston ring, lb 
per sq in. 

m = pressure exponent, the maximum for which may reach 
unity for rotating journals under most favorable 
lubrication and radial-fit conditions 

absolute viscosity of the lubricant in poises, cgs units 
mean rubbing velocity of the piston ring or piston 
speed fpm 


ll 


MB 
V 


Certain constants for Equation [6] may be evaluated from the 
piston-ring tests reported by T. E. Stanton® for a very low rubbing 
velocity. These determinations were obtained from tests con- 
ducted with special apparatus comprising a pair of interconnected 
pistons which were slowly reciprocated by a heavy pendulum. 
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(Values of fPr used in plotting the curve are found by Equation [7] with 
» = 1/2, approximately.) 


The retardation rate of its oscillatory movement served to define 

\the piston drag while a known air pressure ranging from 15 to 
90 Ib was maintained behind the several rings. Fig. 1 shows the 
results of the Stanton tests as developed for present purposes. 
Taking the mean piston speed at V = 10 fpm the expression for 
the unit drag, representative of these findings at an oil tempera- 
ture of 212 F, is 


Vuv") 


’ 31(P,)'/8’ approximately......... (7] 


Pf euP 


A significant deduction lies in fixing upon the exponent n at 
2/;. As based upon Equation [6], the numerical value of CiC2 
becomes equal to 9.1. The resulting high circumstance constant 
C, of about 4.5 may be ascribed to a lack of uniform oil distribu- 


6 See abstract in Automotive Industries, Feb. 1, 1925, p. 276. 
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tion around the entire cylinder bore. For faster piston speeds, 
the increased oil splash facilitates lubrication and hence would 
make for a better showing of the C2 factor. 

More enlightening piston-ring tests have been reported by R. L. 
Streeter and L. C. Lichty’ in which a White truck engine was 
used. By successively motor-driving this four-cylinder engine 
after individually removing certain of its elements in accordance 
with G. B. Carson’s method, the proportionate frictional loss 
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corresponding to each such element may be evaluated. As an 
inherent limitation, this method is confined to light-load running 
conditions in which the factor Pcye of Equation [1] remains at a 
relatively low value. 

If this 41/, X 53/,-in. four-stroke engine had a compression ratio 
R = 4.3 and were running at 1600 rpm, it would have a rated 
power of about 54 bhp at 81 Ib per sq in. brake mep. With the 
throttle wide open, the gross internal or friction-horsepower loss 
of such a four-cylinder engine when motor-driven, may be fixed 
at 


fhp = 5.7 (N/1000)1""*...... 2.2.40. [8] 


Other nonfiring, motor-driven tests’ show the same characteristic 
rise in frictional losses with increased speed. In the case of the 
White truck engine running at a jacket-water temperature of 
180 F, the losses in the several rings have been broken down and 
separately appraised. The loss due to the first compression ring, 
to the second compression ring, and to the scraper ring and piston 
thrust is 44, 34, and 22 per cent, respectively, of the total ring- 
friction loss. The sum of these losses amounts to about 27 
per cent of the gross friction horsepower as given by Equation 
[8]. 

In this particular low-speed test, the ratio of the total ring fric- 
tion to the gross friction-horsepower loss remains substantially 
constant, irrespective of normal variations in the jacket-water 
temperature. The given test data is also inconclusive in regard 
to the effect of oil viscosity, which apparently exerts no marked 
influence except at lower running temperatures. 

The present investigation is especially concerned with the be- 
havior of the first or breaker ring. The tests under discussion af- 
ford sufficient data to establish the unit piston drag fP,. Ata 


7 ‘Internal Combustion Engines,’ by R. L. Streeter and L. C. 
Lichty, McGraw-Hill Book Company, New York, N. Y., fourth edi- 
tion, 1933, p. 434. 

8 ‘Why Oil-Cooler for Engines?’ by S. W. Sparrow, Automotive 
Industries, vol. 64, June 13, 1931, p. 916. This paper shows that the 
frictional losses in an eight-cylinder, 3!/2 X 43/s-in. Studebaker engine 
rises at a relatively faster rate when fhp = 6.35 (N/1000)15/s. 
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ring width W = 4/,in., or an entire first-ring area of about 13.35 
sq in., such unit-drag values may be found by taking the propor- 
tionate friction-horsepower loss assigned to the first ring and di- 
viding this by its corresponding piston speed. The results are 
shown in Fig. 2. They indicate clearly a striking accumulative 
rise in frictional drag with increased rotative speed. Accord- 
ingly, the ring drag per unit of bore contact area becomes approxi- 
mately 


fP, = 1.75(N7/1000)'2"«... -.) Sees [9] 


Assuming a constant viscosity at 7 = 1/s when running hot, the 
accompanying friction coefficient under light-load conditions, may 
be interpolated as 

V av ra ee a/V 
t= 75 (P,)’/* — 16(P,)*/ 


 approximately...... [10] 


As in Equation [7], the pressure exponent is again appraised 
at n = 2/3, which value is about the maximum obtainable for a 
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flat rubbing surface and implies a substantially unbroken film 
formation while Equation [10] remains operative. In accord- 
ance with Equation [6], Ci:C, becomes equal to about 3.9 and 
shows a decided improvement in the circumstance constant. 
In this particular test, the ring rubbing surface was provided with 
an inserted narrow bronze bearing strip of which the beneficial 
effect would probably become more pronounced after the radial 
loading P,, is no longer fully oil-borne. Furthermore, the test 
in question did not extend the upper speed range sufficiently 
to show an anticipated change in frictional behavior that pres- 
ently will be pointed out. 

By substituting the given value for f into Equation [9], the 
following relationship may be deduced which is applicable to 
light-load operating conditions at an appraised value of Poys = 
11 lb: When P, > Pryo, then P, = 1/s(N)"*, or approximately 


Niue 


= Pst ( 


The factor Peye of Equation [11] has been empirically taken on 
a square-root basis. This speed factor has been similarly treated 
in Equation [1]. It will be observed that the radial pressure P, 
between the ring and bore surfaces rises at a relatively fast rate 
with increased speed. For a motor-driven White engine, the 
value of Peye + Po has been estimated at about 15 Ib under non- 
firing conditions. Fig. 3 has been drawn from values obtained by 
dividing (P, — Po) by its initial slow-speed value at Poye = 11 
Ib. The resulting quotient may be approximated on a simplified 
straight-line basis, thus 


The divisor 790 of Equation [12] is found to change for a dif- 
ferent Poye value. The bracketed portion represents the sought 
for build-up factor that is appropriate under light-load conditions, 
and assumes a value of unity when JN is approximately 400 rpm. 
Below this speed, the ring-pocket pressure may be expected to re- 
main substantially constant, while above such a critical speed, 
the pocket pressure starts to increase progressively at higher rota- 
tive speeds. Equation [12] has been defined in terms of N since 
the cumulative ring pressure is dependent upon the frequency of 
application rather than piston speed. 

Another promising procedure for studying the building up of 
ring pressure is afforded by motor-driving an engine with and 
without its cylinder heads. Certain tests reported by Austin M. 
Wolf? will now be analyzed to illustrate the results attained by 
this approach. Wolf tested a six-cylinder 31/2 X 41/2-in. Graham 
engine which was run beyond 3000 rpm. Each piston in this 
engine has two !/;-in. wide compression rings used in combination 
with one 3/,,s-in. scraper ring. 

At higher running speeds, the crankshaft bearings are pri- 
marily loaded by inertia of the reciprocating parts. Hence, any 
minor pressure increase due to compression would not materially 
alter the bearing losses. Accordingly, the difference in friction- 
horsepower losses obtained with the heads on and off, affords a 
fairly close measure of increased piston-ring friction, provided a 
suitable deduction is made for the expenditure in pump work 
while the heads are in place. The other internal losses are as- 
sumed to remain substantially identical at any given rotative 
speed. 

The permissible flow drop through the manifold and valves 
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depends in part upon the type of engine and its highest speed. 
For the Graham engine, the rated power has been taken as 65 
bhp at 2600 rpm, and the corresponding pump-work loss is ap- 
praised at 3.3 ihp under full-load conditions. For other speeds, 
this fluid-flow loss has been apportioned in accordance with the 
detailed findings reported for the White truck engine. 

As deduced for the White truck engine, 44 per cent of the total 
piston friction was assigned to the first ring. Because of the 
greater inertia pressure of the reciprocating parts and the resulting 
increased connecting-rod thrust in the higher-speed Graham en- 
gine, approximately 42 per cent of the total piston friction is 
credited to the first ring. The resulting breaker-ring drag is 
disclosed by the solid curve in Fig. 4. For comparison, the fP, 
drag corresponding to Equations [10] and [11] is represented by 
a dashed reference line which shows satisfactory agreement below 
1800 rpm under light-load conditions. It is noteworthy that 
beyond this critical speed, the drag of the first ring in the Graham 


®“A Critical Study of Car Design and Performance,’”’ by A. M. 
Wolf, Society of Automotive Engineers Journal, vol. 34-35, August, 
1934, p. 11. 
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engine ceases to follow the projected equation values but clearly 
exhibits a progressive increase. 

Fig. 5 presents the equivalent friction coefficient determina- 
tions for the Graham engine as based upon Equation [10] at 
Peyo = 15 lb. The plotted friction coefficient undergoes a de- 
cided change in character when the rotative speed exceeds 1800 
rpm and the accumulative pocket-pressure P, reaches a critical 
value of about 40 lb per sq in. beyond which incipient abrasion 
might be expected. 

Such behavior is to be anticipated in accordance with another 
survey reported by the writer.!° This was a study of intermedi- 
ate or so-called boundary friction in which the rubbing surfaces 
are no longer separated by an unbroken oil film. In substance, 
these findings may be expressed in the following form as applied 
to a piston ring 


P.Vih = “ Pao) Ha C an, gee [13] 


where P,, = material constant whose value is about 4500 for 
close-grained cast iron on cast-iron rubbing 
surfaces 

H = cooling intensity factor or specific radiating capacity 

of the ring per deg F, ft-lb per min per sq in. of 
ring area in contact with the cylinder bore 

Cy = P,V’/* = bearing constant for a continuously loaded piston 
ring when running on a ruptured oil-film surface 
without serious abrasion 
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As long as Cis held below a certain critical value, the ring-fric- 
tion coefficient may be expected to comply with Equation [10], 
but when C) is allowed to exceed its given value, then the sustain- 
ing oil film breaks down and the law of friction takes another 
course as shown in Fig. 6. From such a critical value onward, 
the friction coefficient no longer drops with P, but follows a dif- 
ferent law, namely 


exe = V’*/*/1900 SOs ovens Oo eae ou ¢ {14] 


This derived piston-ring value increases rapidly with the ve- 
locity factor for the reason that the accumulative pressure P, 
has herein been incorporated in terms of V. The value of foxc 
now rises with pressure instead of being inversely proportional 
to the pressure asin Equation [10]. It will be evident that a very 
considerable radiating capacity must be provided to properly cool 
a fast-moving ring drag of the given magnitude. As taken upon 
a unit-area basis, such a requirement may be roughly traced by 
the relation 


Ht, — exclave — Co(V/1900) Bad CRD eh ROE Ont [15] 


where t, = mean temperature head available between the ring and 
the cylinder bore for cooling the ring, F. 


10 ‘High-Pressure Bearing Research,’”’ by L. Illmer, Trans. A.S. 
M.E., vol. 46, 1924, p. 883. 
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A certain amount of ring wear is encountered whenever Co 
is run much in excess of its critical base value of say about 5000 
when H = 40. A well-lubricated piston ring then goes over into 
a stage where partial film breakdown has been initiated and some 
abrasion is to be expected. As based upon machine-tool bearing 
practice, excessive abrasion and probable seizing of such a piston 
ring is likely to occur whenever the PV’’* value exceeds three 
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times its critical value or about Co = 15,000 at H = 40, which in 
turn corresponds to the minimum allowable safety factor. 

In a recent test?! of a 31/3 X 41/,-in. six-cylinder automobile 
engine in which each piston was equipped with three 1/;-in. wide 
rings, a constant gas pressure of known value was maintained 
behind each piston while running. The data obtained in this test 
do not permit a close evaluation of the ring coefficient f. As 
interpolated for present purposes, this coefficient at 1200 rpm 
is approximately 0.06 at 20 lb gas pressure and slowly drops to 
0.04 at 120 Ib gas pressure, the value of the pressure exponent 
being reduced to about n = 1/, At 1850 rpm, the corresponding 
friction coefficient f still further changes its character into a sub- 
stantially constant value of approximately 0.05 and is evidently 
about to rise in accordance with Equation [14]. However, the 
maximum speed of 1850 rpm is hardly sufficient to bring about 
any marked accumulative rise in ring drag. Taylor! estimates 
his mean friction coefficient with increased gas pressure at about 
0.06; he also points out that such rings do not ride upon a perfect 
oil film and finds the ring drag fP, to increase in a linear relation- 
ship with speed. 

The safe ring pressure must be reduced sharply with increased 
speed. Taking Peye = 50 lb according to Equation [2], the fore- 
going may be applied to a fully loaded 3 X 4-in. engine running 
up to and beyond 3500 rpm. ‘The resulting pernicious rise in 
P,as based upon Equation [11] is shown in Fig. 7. For compara- 
tive purposes, the light-load pocket pressures acting under the 
first ring are also shown in Fig. 7. This accumulative pocket 


11 ‘The Effect of Gas Pressure on Piston Friction,’’ by M. P. Tay- 
lor, Society of Automotive Engineers Journal, vol. 38, May, 1936, p. 
200. 
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pressure is shown to impose a decided extra braking action upon 
the engine, particularly under heavy high-speed loads. 

Finally, by taking the bore contact area of the first ring in 
terms of piston area, a simple relationship may be deduced for 
the drag expectations of a loaded four-stroke engine. Thus 


hp of first-ring friction drag  4(fexeP,) 
bhp per cylinder bmep 


Tere LG) 


where bhp = delivered or brake hp per cylinder of a four-stroke 
engine, bmep = brake mean effective pressure, lb per sq in., 
and K = ratio of the first-ring contact area to the area of the pis- 
ton head. 

When all the rings are fitted snugly in accordance with Equa- 
tion [5], the relative frictional loss ascribable to the several piston 
rings may be deduced from the foregoing equations and observa- 
tions. In the case of a 3 X 4-in. engine running at 3500 rpm 
under full load, the distribution of the estimated drag may be ap- 
praised as follows: 

Proportionate loss for the first ring = 1 = 60 per cent of such 
total loss. 

Proportionate loss for the second ring = 1/2 = 30 per cent of 
total loss. 

Proportionate loss for the third ring = 1/s = 10 per cent of 
total loss. 

Thus, 1/12/; or about 60 per cent of the total frictional loss due 
to the piston is credited to the first ring. Considering a ring 
width of 1/s in. for a 3 X 4-in. engine, the frictional loss due to 
the first ring as found by using Equation [16] is 7!/. per cent when 


the brake mean effective pressure is 90 lb per sq in. The corre- 
sponding gross friction loss, including the connecting-rod thrust 
thereon, becomes equal to 7!/:/0.60 = about 12.5 per cent of the 
rated brake horsepower of the engine when carrying a load of 
11.3 bhp per cylinder. Such wastage of approximately 1.4 hp 
for each piston at P.ye = 50 points to an unduly high power 
dissipation that should offer a fruitful field in which to improve 
engine efficiency further. Corroborative test figures have been 
deduced from the previously cited Wolf report® and Sparrow!’ 
pertaining to several similar engines running at maximum load. 

Attention is also directed to the ring inertia effect which tends 
to seal the side of the ring and restrict the blow-by from flowing 
through its underlying pocket chamber. Even when the width 
W is reduced to 1/3 in. the maximum inertia pressure against the 
groove side wall may reach close to 20 lb per sq in. at highest 
speeds, which correspondingly obstructs the venting of a closely 
fitted ring gap G. 

The foregoing analysis is thought to throw some light on the 
described build-up pressure behavior of piston rings and to stress 
the more essential operative factors that need to be considered in 
seeking a rational solution for the underlying lubrication problem. 
While the cited experimental data may not be wholly conclusive, 
the offered treatment presents appropriate guidance on which to 
predetermine piston-ring performance under heavy engine loads 
when running at bigh speeds. 


12 ““Recent Developments in Main and Connecting-Rod Bearings,” 
by S. W. Sparrow, Society of Automotive Engineers Journal, vol. 25, 
July, 1924, p. 229. 
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Design and Operating Problems With Gas- 
and Oiul-Fired Boilers for Stand-By 


Steam-Electric Stations 


By V. F. ESTCOURT,! SAN FRANCISCO, CALIF. 


The problem of stand-by operation, although not new 
on the Pacific coast, is a comparatively new experience for 
large units operating at pressures above 400 lb and tem- 
peratures above 700 F. With combination gas and fuel-oil 
installations, there are more difficulties to overcome with 
fuel oil than with gas. The paper describes problems in 
the control of flame angle when burning fuel oil and 
developments in high-speed automatic combustion con- 
trol which make possible the acceptance of emergency 
loads from 5 to 90 per cent of turbogenerator capacity 
as fast as the turbine governors can open the control 
valves. Various operating procedures which have been 
developed as a necessary routine to meet stand-by con- 
ditions are also described. The essential] requirements 
for stand-by and base-load operation are compared. 
Descriptions are given of actual load-pickup tests on a 
1400-lb, 750-F reheat plant and a 425-lb, 750-F plant, and 
the actual events which take place in the first few seconds 
of an emergency load pickup are analyzed from the stand- 
point of what should be provided for in the design of 
boiler storage capacity, and speed of combustion control. 
Statistics relating to these features are given for four 
plants on the Pacific Coast. 


and hydroelectric power plants from one season to another 

have introduced the problem of stand-by operationin to the 
routine of several Pacific-coast plants. Wide fluctuations in 
the steam requirements from year to year are brought about 
largely by seasonal variations in the amount of water storage 
available. During the recent depression years, the general 
falling off in power consumption also had its effect on steam 
plants that would normally be operated on base load, because 
the reduced output made it possible to meet the system require- 
ments almost entirely on hydro, even in seasons which normally 
would have required base-load operation of the steam plants. 
The influx of government hydroelectric power in California 


{Pz EXTREMELY variable power demands on steam 
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promises to force the steam plants once again into the un- 
economical conditions of stand-by operation for much longer 
periods than would otherwise have been the case. 

The relation between steam and hydro output for two large 
systems on the Pacific coast for the past five years is presented 
in Table 1. Load-duration curves for the same period are given 
in Fig. 1 for plant A of company No. 1. These statistics are 
intended merely to furnish a general but representative picture 
of the type of operating conditions into which the steam-generat- 


TABLE 1 COMPARISON OF STEAM AND HYDRO GENERATION 
BY TWO TYPICAL UTILITIES ON THE PACIFIC COAST 


Per cent of total gross generation 
Company No. 14 Company No. 2 


Year Steam Hydro Steam Hydro 
1931 29.1 70.9 53.6 46.4 
1932 6.4 93.6 8.6 91.4 
1933 4.2 95.8 12.6 87.4 
1934 9.3 90.7 30.2 69.8 
1935 3.1 96.9 13.5 86.5 
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ing stations are required to fit. It can be seen from the data 
that the steam plants of both systems have been required to 
operate on a stand-by basis for most of the time subsequent to 
the year 1931, although the year 1934 provided some base-load 
operation. 

For the purposes of this discussion, the term “stand-by opera- 
tion” is intended to apply to that type of service which requires 
the steam plant to operate at or near minimum load, but is pre- 
pared at all times to accept a large percentage of its total capacity 
as fast as the turbine governors will respond to sudden reductions 
in system speed, caused by transmission-line faults or complete 
separation of the steam and hydro systems for any cause what- 
soever. 

Although the problem of stand-by operation has been common 
among steam plants on the Pacific coast for many years, its 
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application to large-capacity units operating at steam tempera- 
tures above 700 F and pressures above 400 lb is a comparatively 
new development. What has been accomplished is the result 
of considerable research and experimentation. The main 
objective has been to make the practically instantaneous ac- 
ceptance of large blocks of load a matter of normal operating 
routine which can be accomplished either semiautomatically 
or fully automatically from a central control board without undue 
reliance upon the human factor and with practically the same 
degree of reliability as can be expected in the case of ordinary 
load changes. 

The investigations which form the basis of this discussion were 
conducted in two different plants, the one designed for a pressure 
of 1400 lb per sq in., with initial and reheat steam temperatures 
of 750 F, and the other for a pressure of 425 lb per sq in. and 
750 F steam temperature. Details of the major equipment in 
these two installations are given in Appendixes 1 and 2. Sec- 
tional elevations of the boilers are shown in Figs. 2 and 3. The 
essential problems in connection with stand-by operation will 
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first be considered. Representative tests conducted in the above 
plants will be described later. 


Gas Versus Fur. Orn ror Sranp-By OPERATION 


For stand-by operation, the kind of fuel burned enters very 


TABLE 2 COMPARISON OF GAS AND OIL-FUEL OPERATION 
FOR TWO LARGE ELECTRIC GENERATING STATIONS ON THE 
PACIFIC COAST 


Boiler hours 
per cent of total _ 


Fuel burned 
per cent of total 


Year Gas Oil Gas Oil 
Plant A 
1931 Not available 98.0 2.0 
1932 Not available 93.8 6.2 
1933 86.4 13.6 86.0 14.0 
1934 93.5 6.5 97.0 3.0 
1935 74.4 25.6 74.3 25.7 
Plant B 
1931 98.2 1.8 98.3 lee 
1932 99.6 0.4 99.5 0.5 
1933 100.0 0.0 100.0 0.0 
1934 99.9 0.1 99.9 0.1 
1935 99.9 0.1 99.9 0.1 
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definitely into the picture. At the two plants under considera- 
tion, the boilers are equipped for burning either natural gas or 
fuel oil. The amount of operation with each kind of fuel is 
given in Table 2. Due to the absence of pumps, heaters, and 
other auxiliaries necessary for burning fuel oil, natural gas is 
much the more desirable of the two fuels. Gas burners do not 
foul in operation, thus eliminating the burner-cleaning problem. 
Natural-gas burners have a slightly wider operating range than 
do oil burners because of the fact that the minimum pressure 
at which they can be operated with safety and proper combus- 
tion corresponds to a lower load than is possible with fuel oil. 
No measurable difference can be observed in the speed of 
response to changes in fuel rates for either gas or oil fuel. The 
limitations with oil fuel are due to the difficulty in maintaining 
the correct flame angle and proper atomization with standard 
oil-burning equipment at low loads. Due to this fact, it becomes 
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necessary, as the load is reduced, to put out some of the burners 
in order to prevent the oil pressure at the burner orifice from 
falling below some predetermined value which has been found 
to be the minimum at which atomization is satisfactory for 
extended periods of time. 

The type of oil burner in successful operation in several central 
stations on the Pacific coast is the so-called ‘wide-range mechani- 
cal atomizer,” a cross section of which is shown in Fig. 4. 

The oil passes through tangential slots into a small conical 
chamber and thence through the burner orifice at the apex 
of the cone. At the rear of the chamber, that is, at the base 
of the cone, there are a number of holes through which the oil 


TANGENTIAL 


TIP PLUG aay 
“ SLOTS) / 


OIL RETURN» 


SECTION A-A OIL SUPPLY 


Fie. 4 Secrion THrRouGH Wipn-Rance MercHANICAL ATOMIZER 
Usrep IN CONNECTION WITH THE INSTALLATION SHOWN IN Fic. 5 


Wide Range Burners’ 
(Return O// Type) 


-Contro/ Drive 
\ 
\ 


Secondary 


O// Storage 
Tarik-. 


Fie. 5 ARRANGEMENT OF FurEL-O1~n ContTRoL SYSTEM FOR WIDE- 
RANGE OPHRATION 


may flow into a return pipe leading back to some point in the 
fuel-oil supply system. By regulating the flow of oil through 
the return line, the pressure at the burner tip, and consequently 
the oil discharge into the furnace, may be varied. This regula- 
tion is accomplished by means of a valve in the return line, the 
supply pressure to the burners being held at some constant 
value, usually around 200 lb. Due to this fact, the amount of 
oil passing through the tangential slots increases as the tip 
pressure is reduced in this manner, so that there is actually 
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more oil in circulation at low rates of oil discharge into the 
furnace than at high rates. Since the flame angle is a function 
of the velocity of oil flowing through the tangential slots, and 
since the velocity through these slots is a function of the pressure 
drop across them, it can readily be seen that a reduction in 
return-oil pressure, with supply pressure held constant, will 
reduce the oil discharged by the burner, increase the velocity of 
oil flowing through the tangential slots and increase the width 
of flame angle. At very light loads, the flame angle becomes 
objectionably wide and among other things direct impingement 
upon the furnace floor results. If this condition is permitted to 
continue for a number of hours, carbon will accumulate on the 
furnace floor and ultimately cause serious obstruction to the 
path of the flame. 

Thus, for very wide operating ranges, it is desirable to control 
the flame angle to meet the particular conditions. One method 
which has been devised for this purpose is a valve, installed in 
the supply line and controlled automatically by means of the 
differential pressure, between the supply and return lines to 
maintain this differential at some constant value. However, in 
order to meet the requirements of operating simplicity and 
reliability, the arrangement shown in Fig. 5 was considered 
preferable for the installation under discussion. While the 
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initial cost may be slightly higher, from the operator’s view- 
point it is much simpler, more rugged and inherently more 
flexible. It leaves the fuel supply completely under the control 
of the operator by means of a simple mechanical drive without 
any relief valves, differential-control valves or other automatic 
devices interposed. Such characteristics in the design cannot 
be emphasized too greatly in the interests of the high standard 
of reliability expected of stand-by service. The arrangement 
just described also makes possible the incorporation of any 
desired flame-angle characteristics over the load range by simply 
changing the relationship between the supply and return oil 
valves, this being accomplished by a change in drive-sprocket 
size or adjustment of lever-arm ratios as the case may be. The 
general characteristics are of course obtained by the original 
valve-port design, the final adjustments being made by the 
method just described. 

As a concrete example, the 1400-lb boilers on which this type 
of oil-burning equipment was installed have a maximum steam- 
generating capacity of 500,000 Ib per hr. With the standard 
arrangement for the control of return-oil pressure, the minimum 
steam flow for satisfactory continuous operation with all burners 
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in service was approximately 130,000 lb per hr as compared 
with 30,000 lb per hr for gas fuel. However, after redesigning 
the job to conform to the layout in Fig. 5, a minimum load of 
65,000 lb per hr could be carried for indefinite periods of time 
without getting into difficulties with carbon deposits. The 
actual supply and return-oil pressure characteristics for this 
particular installation are shown in Fig. 6. 
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It is entirely possible that still lower loads may be obtainable 
as a result of further experimentation, but the data presented 
herewith represent what has been accomplished in this particular 
plant up to the present time. It should be borne in mind that 
there is no precise method of evaluating the minimum oil pres- 
sures below which satisfactory operation is no longer possible. 
The figures just given are based upon a conservative opinion as 
to what is a satisfactory operating condition in the furnace. It 
is entirely possible to operate the present installation down to 
the same minimum load with all burners in service as is obtain- 
able with gas fuel, but it would not be considered feasible to 
carry these loads indefinitely for the reasons already explained. 


CoMBUSTION AND OrnER Controt PROBLEMS 


For base-load plants, the combustion-control equipment has 
a relatively simple job to perform. It is required to operate 
satisfactorily over a load range of from possibly 50 to 100 per 
cent of capacity, to control small load changes at comparatively 
slow rates of speed and to be stable under steady load conditions. 

On the other hand, the stand-by plant throws unusual demands 
upon the combustion-control system. In the first place, it is 
required to perform satisfactorily over a load range of from 
less than 5 per cent to 100 per cent of capacity. It must be 


capable of controlling small load changes at comparatively slow 
rates of speed, it must be stable during steady load conditions, 
and must be capable of handling at high speed sudden load 
changes of considerable magnitude. Roughly speaking, it 
must be capable of a control speed from three to five times faster 
than is necessary for base-load operation without sacrificing any 
of the characteristics necessary for the latter type of operation. 

In Fig. 7 is shown an elementary diagram of one type of 
combustion control which has proved successful for stand-by 
operation. It is in use in connection with the 1400-lb installa- 
tion. 

It comprises two distinct systems, one semiautomatic and one 
completely automatic. The semiautomatic system consists of 
a manually operated drum controller mounted on the main 
control panel for each of the three boilers. By rotating this 
controller to the ‘‘more” position, a continuous impulse is sent 
to the fuel and fan controls which causes them to open up at 
rates of speed designed to preserve a predetermined relation as 
between air flow and fuel flow. The relation maintained be- 
tween the control speeds of forced-draft and induced-draft fans 
is also such that the furnace draft is balanced at all times. If 
the drum switch is left in the “more” position, the fuel and air 
flow will increase until the fuel, foreed-draft and induced-draft 
fan controls are arrested by the position-limit mercoid switches 
a, b, and c respectively. The limits are adjusted so that the 
vanes of the induced-draft fan are wide open, the forced-draft 
vanes are at a position which produces a balanced furnace draft, 
and the fuel valve is at a position which corresponds to approxi- 
mately 10 per cent below the maximum steady-load fuel flow 
that is possible with correct combustion for the existing air flow. 
As soon as the drum switch is returned to the “off” position, 
the furnace-draft and steam-flow-air-flow readjusters come into 
operation and make any minor readjustments necessary. 

The arrangement just described was installed shortly after the 
early investigations into stand-by operation were completed 
several years ago. It has proved very satisfactory in perform- 
ing the particular functions for which it was designed. ‘There 
are, however, other operating conditions which need to be con- 
sidered. In the first place, it can be seen from the layout in 
Fig. 8, that all of the steam generated by either reheat boiler 
must return through the convection reheater of the same boiler, 
otherwise unbalanced reheat temperatures may result. There- 
fore, there is a preferred ratio of loading for the three boilers 
which will produce the best reheat characteristics. During 
load changes it is not easy to maintain these ratios without the 
aid of automatic control, and there is also the variable human 
factor. The latter also introduces an unknown element into 
the problem of handling emergency load pickups. It is all 
important that the delay in getting the controls started should 
be a minimum, particularly under certain conditions of opera- 
tion, such as when there is curtailment of normal boiler capacity 
or when burning oil fuel, due to the extra time required to light 
the burners that are out of service at light loads. 

In view of the aforementioned conditions, and also since nearly 
90 per cent of the investment is in the centralization of the fuel 
and fan controls necessary for semiautomatic operation, it was 
considered well worth the slight additional cost to superimpose 
full-automatic control upon the existing semiautomatic system. 
The balance of the scheme shown in Fig. 7 was recently com- 
pleted on two boilers and is now under observation in actual 
operation. Present indications are that it will meet the most 
rigid requirements as to performance and reliability, that it will 
respond to emergency load pickups faster than could be accom- 
plished manually, and will also operate satisfactorily on routine 
load changes as well as maintain perfect stability during extended 
periods of steady load operation. 
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Since this system possesses a certain measure of originality in 
design and performance, which were called for by the exacting 
nature of the operating requirements, a brief description of its 
principal features will be presented. 

It consists essentially of a ratio controller (embracing the 
selsyn-operated elements C, D, and H# shown in Fig. 7) which 
sends impulses to the fans and fuel on the basis of a predetermined 
ratio of turbine steam flow to fuel flow. During sudden load 
changes, a fuel flow in excess of the steady-load requirements is 
needed in order to return the heat liberated from the boiler water 
by means of a reduction in steam pressure and to raise the heat 
level to the higher point corresponding to the higher load. 
This overfueling component of the load increment is added 
through a third link by means of the receiving selsyn D which is 
positioned directly from steam pressure. As the steam pressure 
returns to normal, this component is reduced to zero and the cor- 
rect steady-load ratio is again established. 

Since the control valves for both gas and oil fuel are calibrated 
to give a straight-line relation between fuel-valve position and 
fuel flow, these valves are used as the simplest means of obtaining 
a positioning impulse proportional to fuel flow through the send- 
ing selsyns S-1 and S-2 shown in Fig. 7. If the load change is 
fast enough, the fuel valve will respond with a continuous im- 
pulse until the new ratio between turbine steam flow and fuel 
flow has been reached. Then if the steam pressure continues to 
drop, additional small increments in fuel flow will occur in pro- 
portion to the drop in steam pressure. 

Correct steam pressure is maintained by means of a differen- 
tial-type master steam-pressure controller which loads the 
standard boiler on the basis of steam pressure only. This type 
of controller is limited with respect to the number of impulses 
which can be delivered in a given length of time, the maximum 
being approximately 50 per cent impulses and 50 per cent inter- 
ruptions. Thus the ratio controller brings the reheat boilers to 
their final load position twice as fast as the standard boiler is 
brought to its final position. It was necessary to speed up the 
drives of the fuel and fan controls to two-and-one-half times 
their speed as originally installed. This change combined with 
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the substitution of the high-speed ratio control on the reheat 
boilers made an effective increase of five times the speed of the 
control as originally installed on these two boilers. 

Due to the high speed and the heavy overfueling, it was neces- 
sary to add fuel compensation to the steam-flow-air-flow re- 
adjusting contactors as shown in Fig. 7. This has the effect of 
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preventing the readjusters from reducing the air flow to corre- 
spond with the steam flow until all of the overfueling has been 
removed, thus preventing a deficiency of air. The standard 
type of feedwater temperature compensation is also incorporated 
into the air-flow mechanism, although it is not shown in Fig. 7. 
The exacting requirements of the stand-by plant also bring 
out inherent limitations of other control equipment, such as the 
control of boiler-water level, fuel-oil pressure and temperature. 
However, it is entirely possible to find standard equipment that 
will perform satisfactorily under these conditions. The control 
of fuel-oil temperature for stand-by conditions introduces a 
problem of delay in response that is not encountered in a base- 
load plant. The curve in Fig. 9 shows the variation in this 
delay from minimum to full load. It is caused partly by the 
variation in the quantity of heat absorbed by the heater tubes 
and shell and partly by the variation in oil velocity through 
the heater over the wide range of loads, resulting in a similar 
variation in the time required for the body of oil at the changed 
temperature to reach the temperature bulb of the control. 
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perature control which is actu- 
ated by the rate of tempera- 
ture change rather than by 
the amount of difference be- 
tween neutral and actual tem- 
perature. Since there are sey- 
eral standard makes of control 
on the market which approxi- 
mate these requirements, a de- 
tailed description of any speci- 
fic type of temperature control 
would not be justified in this 
discussion. 
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No. 3 Boiler In order to place stand-by 


operation upon a routine basis, 
certain procedures must be 
established to guarantee re- 
liable performance at all 
times. 
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In the first place, an emergency load-pickup schedule must be 
established on the basis of actual tests. These serve as a guide 
for the station operators and also for the load dispatcher, and 
include information as to how much emergency load can be 
picked up instantaneously from various initial loads, both for 
the normal setup of boilers and turbines and also for the various 
conditions where boiler or turbine capacities are curtailed on 
account of outages of major equipment for annual overhauling 
or other causes. In Fig. 10 are given typical emergency load- 
pickup schedules for both oil and gas firing for various operating 
conditions at a 1400-lb plant. Similar schedules for gas firing 
are given in Fig. 11 for a 425-lb plant. Since very little fuel 
oil has been burned in the latter station (see Table 2), no load- 
pickup tests have yet been conducted with fuel oil. 
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In the 1400-lb plant, where the load-pickup schedules given 
in Fig. 10 apply, no load-limiting device is used to restrict the 
turbine governor to the loads given in the schedules. The 
governor is left unrestricted to pick up as much load as system 
speed conditions impose upon the turbine up to the limit of its 
full capacity at existing steam pressures. The schedules merely 
indicate the guaranteed minimum that the turbines will handle 
under the emergency, and include a margin of safety sufficient 
to allow for unforeseen limitations. 

There is another reason for leaving the governor unrestricted 
by a load-limiting device. It has been found that, by permitting 
it to open wide whenever speed conditions impose such a demand, 
the final result is almost always more favorable to the steam 
plant than if the control-valve stroke were restricted. This is 
because the initial load can be carried with the steam liberated 
from boiler-water storage and the result is that, by permitting 
the turbine to swing to its full capacity initially, there will be a 
greater recovery in system frequency than would otherwise have 
been possible, and the net result is usually a lower final load on 
the turbine after the first few moments. If the boilers have 
sufficient water storage, such a load may be accepted and held 


TABLE 3 SCHEDULE FOR ROUTINE LOAD REDUCTIONS ON 
TURBOGENERATORS AT PLANT 4 


General. All load-pickup schedules are based on having the full number 
of burners in use at all times; this also permits normal operation of the 
combustion-control system. In order to maintain these conditions while 
the load on the units is being reduced, it is necessary to allow time for the 
stored heat in the boiler and turbine equipment to be dissipated before 
dropping to minimum load. The amount of heat thus stored varies with 
the load. The following schedule should be considered as the maximum 
rate of dropping load except when unusual conditions require a faster rate. 

Schedule From Full Load: (1) Drop to 25,000 kw in steps of 5000 kw 
every 2 min. (2) Wait 10 min, then drop to 15,000 kw in steps of 5000 kw 
every 2 min. (3) Wait 10 min, then drop to 10,000 kw. (4) Wait 10 min, 
then drop to 5000 kw. Total time required to drop from full load to 
5000 kw on this schedule is 46 min. 

Schedule From Partial Load. When dropping from some load less than 
full load, follow that part of the schedule which applies. 


for a few moments even though there is insufficient boiler capacity 
to sustain it indefinitely. 

In the process of reducing loads to a minimum, another con- 
dition is encountered which can be met by means of a schedule 
for routine load reductions. Due to the large amount of heat 
stored in the boiler and turbine equipment, it is necessary, during 
the process of lowering the load on the boiler, to reduce the fuel 
rate considerably below the requirements for steady-load con- 
ditions. As minimum load is approached, it becomes necessary 
to cut out burners until steam-pressure conditions permit the 
fuel rate to be brought up to the normal steady-load rate. For 
reasons previously explained, cutting out burners reduces the 
amount of emergency load that may be accepted on account of 
the delay due to lighting up burners. Thus, if an emergency 
load demand were to occur during the time some of the burners 
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were cut out of service, difficulty would be encountered in pick- 
ing up the amount of load specified in the emergency load- 
pickup schedule. It also disrupts the routine of operation. 
Therefore, the schedule for routine load reductions is established 
so that the load is not reduced any faster than can be accom- 
plished with all burners in service. Such a schedule is given in 
Table 3 for the 1400-lb plant. It should be understood that this 
does not prevent the load from being reduced as fast as desired 
if operating conditions require it. However, the schedule 
establishes a routine which may be easily followed and which 
contributes a surprising amount to the ease of handling load 
reductions. 

One other important device is used in several stations on the 
Pacific coast, and is known by various names. It will be here 
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designated as a governor-restraining device. With the large 
number of hydroelectric plants that form the greater part of 
most of the generating systems on the Pacific coast, the system 
speed regulation can be handled most economically at one or 
more of the hydro plants. Therefore, the governor-restraining 
device is in common use in the steam plants for establishing a 
neutral frequency band within which the turbine load is held 
constant. Such a device is shown in Fig. 12 together with a 
characteristic curve of governor regulation modified to show the 
effect of the device when adjusted for a neutral range of plus or 
minus 1 per cent of normal speed. As soon as the speed falls 
one per cent below normal, the ball-and-socket joint is separated 
by the additional pull on the governor beam and the turbine is 
free to pick up whatever load the speed conditions demand. If 
the speed exceeds 1 per cent above normal, then the tension on 
the governor-restraining device is reduced to zero, and a further 
increase in speed causes the governor to reduce the load on the 
machine. With the aid of this device, absolutely steady load 
conditions are maintained for much longer periods of time, with 
resultant benefits in economy and improved operation without 
any detrimental effect upon system operating conditions as a 
whole. 


Loap-Pickur Txsts 1n A 1400-Ls Puanr 


Actual load-pickup tests with gas fuel were first conducted at 
the 1400-lb plant on one of the 61,000-kw compound units, the 
general arrangement of which has already been presented in 
Fig. 8. Details of the equipment are given in Appendix 1 and 
a sectional elevation of one of the boilers is shown in Fig. 3. 
At the time of the test, both turbogenerators were in opera- 
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tion and receiving steam from the one standard and two reheat 
boilers. However, the load pickup was handled by one reheat 
and one standard boiler. The load on the other reheat boiler 
and turbine were held constant, although the benefit of the steam- 
storage capacity from all three boilers was obtained. This 
showed up very clearly on the boiler flow-meter chart for the 
reheat boiler which was being held at constant load, a momen- 
tary increment in flow from 75,000 to 235,000 Ib per hr being 
recorded although there was no change in the rate of fuel input. 
However, this dropped back to normal very quickly. 

In order to maintain constant frequency during the test, 
arrangements were made in advance with the load dispatcher 
to have one or two of the hydroelectric plants stand in readiness 
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to dump sufficient load to maintain the frequency as close to 
60 cycles as possible. The restraining device, a sketch of which 
has already been presented in Fig. 12, was used to block the 
turbine governor at a steady load of 10,000 kw. The governor- 
synchronizing spring was then run out to the full-load position, 
and at a prearranged signal the ball-and-socket connection at A 
was broken, permitting the governor to open the turbine control 
valves to their wide-open position in 3 or 4 sec. A motion- 
picture record was made of throttle steam pressure, stage pres- 
sures and generator load. These are given in Fig. 13 for the 
first 12 sec of the test. In Fig. 16 are shown the drum and 
throttle pressures, fuel-input rates and generator loads for the 
period of the test. These will be discussed at greater length in 
an analysis to be presented later. 

Superheat and reheat temperatures increased from 725 F to 
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approximately 775 F for a few minutes and then returned to 
about 750 F. It was found that the increase in drum water 
level was only slightly more than that which is characteristic 
of the setting of the three-element water-level control, which is 
adjusted to give approximately 31/2 in. rise in level from mini- 
mum to maximum boiler load. The time required to increase 
the rate of fuel and air flow from minimum to maximum was 
approximately 24 sec. 

During the first few seconds, the high-pressure generator was 
slightly overloaded and the differential pressure between the 
third admission and the ninth stage exceeded the maximum 
allowable value by approximately 21/, per cent. Both of 
these conditions were of momentary duration and were not 
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detected by observers during the test, although visible in the 
motion pictures. There was no evidence of instability of the 
high-pressure generator in relation to the low-pressure generator. 
The stage pressure curves in Fig. 13 show a definite time 
interval for the steam pressures to build up to their respective 
maximums in the various stages. As will be shown later, an 
appreciable amount of energy is absorbed in building up the 
turbine and extraction-heater system to the new pressure and 
temperature level corresponding to the increased load. 


Loap-Pickup Trusts InN A 425-Lp PLANT 


Load-pickup tests with gas fuel were also conducted on one 
of the 110,000-kw units at the 425-lb plant. Details of the 
equipment are given in Appendix 2. A sectional elevation of 
one of the boilers is shown in Fig. 3. Some interesting studies 
were made of the results that could be obtained under several 
different operating setups, and are presented herewith. 

All tests were made from an initial load of approximately 
1500 kw gross. Load was applied by instantaneously raising 
the pilot-valve lever on the turbine-governing mechanism. An 
indicating wattmeter was temporarily located near the governor 
end of the unit so that load could be held constant by manual 
manipulation of the pilot-valve lever if it were desired to do so. 

High-speed clocks were fitted to some of the recording meters 
for obtaining records while other data were read at timed intervals 
by observers. High-speed records were made of steam- and 
feedwater-header pressure in the boiler room, temperature and 
pressure of steam to turbine throttle, and gas flow. 

Although the operators knew at what time the tests were 
to be made, no changes in the normal stand-by setup were 
made except for the use of the high-speed operation of the control 
drives. Also, because of repairs to the fifth-stage heater, it was 
out of service during all tests and, therefore, no steam was being 
extracted at that point. 

The results of the four principal tests are given in Figs. 14 
and 15. Curve 1 shows the performance with three boilers as 
stand-by capacity. With this arrangement 80,000 kw can be 
carried on the main generator and station auxiliaries supplied 
by the house set. However, as the steam pressure drops so low 
and complete recovery is delayed for 15 min it can be concluded 
that this setup leaves no margin for safety. If there should be 
any delay in getting fuel to the boilers or if a fan should fail to 
start, the performance under emergency stand-by would be 
greatly jeopardized. To supply reliable stand-by service, more 
boiler capacity than that provided by three boilers is needed. 
Use of this setup also allows the steam temperature to reach a 
very high level before steam pressure is fully restored. 

Curve 2 shows the same test conditions as curve 1 but with 
four boilers sharing the load instead of three. The resultant 
performance is markedly improved. Time for complete recovery 
is diminished from 15 min to 4 min, and at the same time a 
greater load is carried. The drop in pressure shown on the 
curve after 4 min was due to the firemen cutting back on the 
fires prematurely. 

Curves 1 and 2 were obtained with the main-generator load 
limited to 90,000 kw and with the house set supplying the station 
auxiliaries. Curve 3 shows the results of a test made with 4 
boilers supplying steam and the turbine admission valves wide 
open throughout the test with the house set off. Higher load is 
carried throughout the test period because of the more efficient 
use of the steam available during the first few minutes. This is 
due to the generation of the auxiliary power requirements with 
the main turbine instead of with the house set. 

Calculations as shown in Fig. 17 and Appendix 3, revealed 
the fact that considerable heat left the turbine during the first 
2 min to heat the feedwater in the heaters and piping. It was 


reasoned that, if this heating could be delayed for a few minutes, 
the same heat could be used for generating power and the feed- 
water could be heated later after more steam was available from 
the boilers. Therefore, in an attempt to obtain greater load 
during the initial phase of the pickup period the extraction valves 
were throttled until the gates were within */, in. of the bottom of 
the seats. 

The results of such a scheme are shown on curve 4, Figs. 14 
and 15. It can be seen that more load is picked up during the 
first half minute but that it is soon lost and is not readily in- 
creased afterward. Since such operation is virtually nonextrac- 
tion, the excess steam is not readily condensed and the result is a 
reduction in the vacuum with a consequent loss of load. 

The excessive rise of back pressure is clearly shown by the 
curves in Fig. 15. This might be reduced with the use of two 
circulators instead of the usual one during an emergency pickup, 
but the starting of the other circulator is not recommended when 
the station auxiliaries are being supplied by the house set. 
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At the minimum load the boilers are operated with natural 
draft. Determination of the minimum time required to bring 
the fans to maximum speed from minimum stand-by position 
gave an average of 24 sec. This is the time from the closing of 
the fan switch and pressing the “more” button until the drive 
has reached the 100 per cent position. Under test conditions, 
the time required to reach maximum fan speed and maximum 
fuel flow varied from 34 sec to 1 min after the turbine valves 
were opened. 

When full fuel flow is established in 1 min or less, the effect 
of opening the feedwater valves, causing an increased flow of 
water into the boiler and thereby lowering the steam pressure 
somewhat, is minimized. If the boiler commences to take water 
at the time of minimum pressure, the restoration of pressure is 
retarded. For this reason it is well to keep the water level at 
about 5 in. on the gage when on stand-by so that the addition of 
water will not be required immediately. On these tests it was 
found that the water in the boiler would “swell” from an initial 
level of 5 in. to about 15 in. The swell is only momentary as 
the increased flow of steam from the boiler soon lowers the water 
level. 
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In Fig. 17 are shown the drum and throttle pressures, fuel- 
input rates and generator loads for the period of the test. These 
will later be discussed at greater length in connection with the 
same data already presented in Fig. 16 for the tests on the 
1400-lb plant. 

The more important conclusions deduced from these tests 
may be summarized as follows: 


(a) The use of four boilers instead of three greatly improves 
the stability of the station and provides a margin of safety so 
that it is well worth the small additional cost of the fuel neces- 
sary to keep the extra boiler on the line. 

(b) Four boilers can be brought up to maximum rating in 
practically the same time as three and with no addition to the 
boiler-room crew. 

(c) More load can be accepted and held if the extraction 
valves are not throttled. 

(d) More load can be accepted and held if the starting of the 
house set can be delayed without jeopardizing the auxiliary 
power supply. 


wo 440 


a 
tS 
S 


Pressure — Lb per Sq In. Gag 
b 
S 
Ss 


380 
100 
2000 80 
— 
a = 
= i 
. 1500 604 
i 5 
oe 3 
5 oi 
ae 
4 |000 A-— Drum Pressure a 
= B — Throttle Pressure “0. 
“3 C — Actua/ Fuel Input S 
= E —Turbine Load i= 
s 500 20 


0 2 4 6 8 10 
Time — Minutes 


Fie. 17 Drum anp THROTTLE STHAM PRESSURES, FurL-INpUT 
Rates, AND TuRBINE Loaps Durine Loap-Pickur Trust From 2 
To 90 Mee@awatTts ON THE 425-LB PressuRE PLANT 


(e) If the emergency is such that the house set must be 
started; 80,000 kw net can be accepted and held; this load can 
be increased to 85,000 kw after 2 min. 

(f) A minimum water level of 5 in. on the gage should be 
maintained at all times when the station is on stand-by. 


ESSENTIAL REQUIREMENTS FOR STAND-By AND BasE-LOAD 
OPERATION COMPARED 


On the Pacific coast, there are at least two large central stations 
designed primarily for base-load operation, which have had to 
operate frequently as stand-by plants. Again, there is the case 
of a plant designed especially for stand-by service which operated 
as a base-load plant from the moment it was cut in on the line 
for a period of approximately one year. Although there were 
very good reasons for planning the design of these plants for the 
type of service mentioned, the facts just brought out serve to 
illustrate the uncertainty involved in any predictions relative to 
load conditions. 

When viewed from the standpoint of control, a plant designed 
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for stand-by operation will also operate more satisfactorily under 
all other conditions than will a plant which is designed purely 
for base load. Therefore, it would appear to be desirable to 
take into consideration in the original design the problem of 
stand-by operation, even though the immediate future appears 
to indicate that nothing but base-load operation will be re- 
quired. In most cases the difference in cost would be relatively 
insignificant. 

The most desirable characteristics for stand-by operation 
might be summarized as follows: 


1 Ease of. control over an extremely wide load range. It 
should be possible to increase the load from minimum to maxi- 
mum, or vice-versa, either entirely automatically or at least by 
the manipulation of centralized controls. It is a definite dis- 
advantage if the design is such that burners, pumps, or other 
equipment must be cut in or out of service during the load 
change. It is also desirable to design all automatic or semi- 
automatic control equipment so that it can be relied upon to 
function properly over the entire load range. The controls 
should not be so limited in their application that they will only 
operate satisfactorily within a restricted band of loads. Such 
limitations, particularly in the case of boiler-water level and 
combustion control, result in the necessity of depending too 
much upon human factors for the success of major operations 
that should proceed smoothly and without even a few seconds 
delay. 

2 High-speed operation of combustion-control equipment 
for very fast emergency load changes, either fully or semi- 
automatically, without sacrifice of performance during slow 
routine load changes or steady load conditions. 

3 Adequate manual protection for all automatic functions. 
The automatic control of combustion, boiler-water level, and 
fuel-oil temperature and pressure, should be backed up with 
suitable manual control which can be used with the aid of addi- 
tional operators to give almost as good results as can be obtained 
with automatic control. By manual control is meant direct 
manual manipulation by mechanical means. 

4 Dual protection wherever possible for major automatic 
events such as transitions from one fan-motor speed to another. 
Thus, it should not be possible for the failure of a single control- 
ling element to cause a failure of major equipment. However, 
such transitions should be avoided in the design if possible, 
because the delay during the transition period may restrict the 
amount of load that can be picked up in an emergency. It also 
reduces the reliability factor slightly. 

5 Superheat and reheat characteristics as flat as possible 
over a wide load range. This is desirable in order to avoid 
trouble with flanged joints due to sudden temperature changes 
in steam piping during emergency load changes. 

6 Adequate boiler-water storage should be provided for 
handling the initial load increment during an emergency. Speed 
of combustion control should be considered in relation to steam 
storage available. 

7 Both the maximum heat liberation permissible in the 
furnace and the maximum permissible steam liberation from the 
boiler without carry-over or other difficulties should be from 35 
to 45 per cent greater than steady full-load requirements. This 
is necessary in order that it may be possible to liberate the 
additional heat necessary to build the system up to the new 
temperature and pressure level corresponding to the increased 
load, and also in order to be able to liberate enough steam from 
boiler-water storage without carry-over to handle the initial 
inrush to the turbine. 


Items 6 and 7 will be discussed at greater length in the para- 
graphs to follow. 
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THERMODYNAMIC CHANGES DuRING A SuDDEN Loap 
INCREMENT 


While it is true that the test data represented by the curves 
of Figs. 16 and 17 together with the values computed therefrom 
leave much to be desired from the standpoint of exact values, 
it is felt that the analysis now to be presented will be worth 
while because it portrays just what takes place during a sudden 
load increment. 

A consideration of the test methods by which the data have 
been obtained will of course make it necessary to accept the 
values as approximate only. This, however, will not affect the 
general picture, and it is questionable whether more precise tests 
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would bring to light anything of further value from an operating 
standpoint. As a research problem, however, it would be of 
great interest to obtain more precise figures on a number of 
different installations, and possibly this discussion may suggest 
such a field for further investigation. 

The important phenomena peculiar to this type of operation 
occur during the period commencing with the opening of the 
turbine control valves and ending at the moment when the 
steam pressure stops dropping. In the test represented by 
Fig. 16 for the 1400-lb plant, this period was 2!/, min, and in 
Fig. 17 for the 425-lb plant it was 51 sec. The steam pressure 
in the boiler drum is shown by curve A and the actual fuel-input 
rates are plotted as curve C. The corresponding fuel-input 
rates for steady load conditions are given by curve D. The 
area between the curves C and D represents the amount of heat 
liberation from fuel necessary to increase the heat stored in the 
boiler setting, turbine, piping, and stage heaters to the new 
level corresponding to the increased load. Since steam pressure 
during steady load conditions is held constant at the turbine 
throttle, the boiler-drum pressure increases with the boiler load 
and therefore some heat must also be added to the boiler water 
at the higher loads. There will also be a certain amount for 
additional losses due to lowered efficiency during the load pickup. 

Theoretically, the total amount of heat added to storage in 
the boiler setting and turbine system is approximately a fixed 
value for a given load increment and is a definite characteristic 
of the type and capacity of the installation rather than a function 
of the time consumed in adding it. However, the time required 
to add that portion of the heat which is necessary to arrest the 
drop in pressure is, from an operating standpoint, an important 


factor which must be considered in relation to the maximum 
permissible drop in steam pressure. It is also important in con- 
nection with the maximum speed for which the combustion 
control has been designed to operate. 

The double-crosshatched area to the left of line a-a in Fig. 16 
represents the total heat input from fuel that must be added 
in excess of steady load requirements in order to arrest the drop 
in steam pressure. In the case of the 1400-lb plant this amounted 
to approximately 11,000,000 Btu. It should be understood 
that a portion of this heat is absorbed directly by the boiler 
setting and the remainder is absorbed for the generation of the 
steam that is utilized in elevating the temperature and pressure 
in the turbine, piping, and extraction heaters. The heat liberated 
from boiler-water storage during this period was 1,950,000 Btu, 
making a total of 12,950,000 Btu delivered from the two sources, 
namely, fuel input and boiler-water storage, to storage in the 
boiler setting and turbine system for the load increment obtained 
during the test. 

From special tests it was found that all of the heat from the 
incremental fuel input for the first 16 sec was absorbed by the 
boiler setting. This was obtained by increasing the fuel input 
by means of a continuous impulse for ‘‘more”’ on the high-speed 
combustion control while the turbine throttle flow was held 
constant. The first change in steam pressure or flow of boiler 
steam was noted at the end of 16 sec, and the control was then 
reversed and returned to normal. The total fuel input during 
this period amounted to approximately 1,000,000 Btu. Under 
the conditions of an actual load pickup, this figure would prob- 
ably be somewhat higher due to the extra heat that would be 
absorbed by the various boiler heating surfaces as a result of 
the increase in flow. However, the error due to the possible lag 
in the pressure gage and steam-flow meter would probably 
partially compensate for the error due to disregarding the heat 
that would be absorbed on account of the flow increments just 
mentioned. A similar test at the 425-lb plant gave a value of 
22 sec. 

Thus, the boiler-water storage is the only source available 
during this period to supply the steam flow to the turbine throttle. 
At the end of this period, some of the excess fuel represented by 
the shaded area of Fig. 16 becomes available for reducing the 
draw-off from boiler-water storage, until finally, at the point 
of time represented by the line a-a, the latter is reduced to zero 
and the net input to the boiler from fuel (after deducting boiler 
losses) plus the heat in the feedwater is then exactly equal to 
the steam output. From this point begins the process of re- 
turning the heat to the boiler-water storage plus the heat required 
to elevate the pressure and temperature of the turbine system 
from the existing steam pressure to the normal pressure for steady 
load conditions. Due to the fact that the drum pressure is 
approximately 21 Ib per sq in. higher at the new load, approxi- 
mately 350,000 Btu additional must be returned to boiler-water 
storage than was released therefrom during the load pickup. 

Due to the unsteadiness of steam-pressure conditions after 
the load pickup on the 425-lb plant it was unfortunately not 
possible to plot in Fig. 17 closed areas similar to those in Fig. 16, 
using the curve of steady-load fuel-input rates to complete the 
closure. There is, however, one item brought out in the tests 
at this plant, which should be noted in passing and which was 
not available in connection with the test on the 1400-lb equip- 
ment. In Appendix 3 the amount of heat added to the extrac- 
tion feedwater heaters during the load pickup has been calcu- 
lated. This is given for the individual heaters in item 24 and 
totals approximately 14,500,000 Btu. This is a value of rela- 
tively large magnitude and gives some conception as to the 
amount of heat that has to be added to the turbine system in 
order to raise its potential to the value corresponding to the new 
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load. A better appreciation of the magnitude of this value may 
be had from an examination of the curve in Fig. 18 which shows 
the average load equivalent of this amount of heat for various 
time intervals during which the addition of heat might have 
taken place. If it is accomplished during a 2-min interval, the 
heat used will correspond to a load of 34,000 kw although the 
actual equivalent energy delivered is only 1122 kwhr. 

The same sort of an analysis is of passing interest in connec- 
tion with energy and power equivalents of the heat released from 
boiler-water storage. This is brought out by the curves of Figs. 
19 and 20 for a 1400-lb and a 425-Ib plant respectively. The 
values of the electrical-energy equivalents for the amount of 
heat released by the drop in steam pressure are quite small, but 
when it is understood that the rates of pressure drop during 
the course of the load pickup are considerably in excess of 20 
per cent per minute, it can be seen that the energy released will 
sustain an appreciable load for a short interval of time, and this 
is vital to the success of the sudden load pickup. 


RELATIONS BETWEEN BortpR-WATER STorRAGE, Furt-INnput 
Rats AND Furt-Controu Drive SPEED 


A comparison of the steam-pressure curves in Figs. 16 and 17 
indicates a much quicker recovery to the point of minimum 
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steam pressure in the case of the 425-lb plant. This was due 
almost entirely to the difference in the relative amounts of 
excess fuel-input rates above steady load requirements. In the 
case of the 1400-Ib plant, no effort was made to utilize the maxi- 
mum available fuel-input rate. For the conditions of the test, 
the amount of this excess could easily have been doubled. How- 
ever, from calculations made previous to the test, the maximum 
fuel-input rates indicated in Fig. 16 were decided upon as being 
ample to effect a complete recovery of steam pressure within a 
reasonable length of time. Therefore, the operators were in- 
structed to run the fuel-control drive to a predetermined posi- 
tion and hold it there until minimum steam pressure was 
reached. 
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A study of the curves in Fig. 16 will justify within reasonable 
limits certain general conclusions as to the relation between 
excess fuel-input rates, fuel-control drive speeds and boiler- 
water storage. A decrease in the excess fuel-input rate above 
steady-load requirements, or the amount of overfueling, will 
delay the moment when the total heat input from fuel in excess 
of steady-load requirements has reached the value represented 
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by the double-crosshatched area. This will make the moment 
when minimum steam pressure has been reached occur later and 
more steam will have been drawn from boiler-water storage to 
meet the throttle flow requirements, thus resulting in a lower 
minimum steam pressure. If, for example, the amount of over- 
fueling were reduced 20 per cent, then 20 per cent of 11,000,000 
Btu or an additional 2,200,000 Btu would have to be withdrawn 
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TABLE 4 COMPARISON OF MAXIMUM TURBINE CAPACITIES AVAILABLE 
MOMENTARILY FROM STORED HEAT IN BOILER WATER FOR FOUR 
PACIFIC COAST STEAM STATIONS 


Total boiler Proportion 
Turbine storage at Capacityfrom of max 
Initial boiler- water rate normal storage for turbine 
drum pressure, Maximum at 10% max operating 20% pressure capacity 
lb per sq in. capacity, capacity, temperature, dropper min, from stor- 
Plant gage kw lb per kwhr lb kw age, per cent 
A 1285 (a) 122,000 9.5 126,000 48,000 39.5 
(b) 61,000 9.5 126,000 48,000 79.0 
B 425 (a) 220,000 12.6 990,000 142,000 65.0 
(b) 110,000 12.6 660,000 95,000 86.0 
(6s 450 42,000 13.0 306,000 42,500 104.0 
D 425 44,000 13.5 256,000 34,000 80.0 
Nore: Item (b) for plant A is based upon a load pickup with one turbine and two boilers 


but with the benefit of storage capacity from three boilers. This is the necessary condition 
for a pickup from 5 megawatts to 56 megawatts. j , ; i 
Nore: Item (5) for plant B is based upon a load pickup with one turbine and four boilers, 


which is the condition necessary for a pickup from 2 megawatts to 90 megawatts. 


TABLE 5 COMPARISON OF RATIOS BETWEEN INSTALLED BOILER AND 
TURBINE CAPACITIES FOR FOUR PACIFIC COAST STEAM STATIONS 


(e) Total boiler-water storage at normal 
firing level and operating pressure. 

Since item (a) is a fixed quantity depend- 
ent upon the size and type of equipment in- 
stalled, and since any three of the remaining 
four items can be fixed arbitrarily on the basis 
of a compromise between available equipment 
and first cost, the remaining factor could be 
calculated to meet the other fixed requirements. 


Borter Capacivies AND STORAGE FACTORS FOR 
Four SraTIons ON THE Paciric Coast 


Since the available data in connection with 
item (a) as just presented are insufficient for 
practical use at this time, some design char- 
acteristics for four stations on the Pacific coast 
will now be analyzed in the light of the results 
obtained from actual load-pickup tests. 

In Table 4, the kilowatts equivalent to the 
heat liberation from the boiler-water storage 
for a pressure-drop rate of 20 per cent per 
minute have been computed for the four steam 
stations. In the last column these figures have 


Operating 
Operating tempera- Maximum Turbine : Ratio 
pressure ture at installed water rate Maximum installed boiler to 
at turbine turbine turbine at max boiler capacity turbine 
throttle, throttle, capacity, capacity, 1000 lb Equiv. capacity, 
Plant lb per sq in. kw lb per kwhr_ i per hr kw col 7/col 4 
A 1250 750% (a) 122,000 8.9 1,500 169,000 1.39 
(b) 61,000 8.9 970 109,000 1.79 
B 400 725 (a) 220,000 10.5 2,700 257,000 pez, 
(b) 110,000 10.5 1,800 171,000 1.56 
C 425 725 42,000 11.5 850 74,000 1.76 
D 400 650 44,000 10.8 850 79,000 1.79 
* With reheat to 750 F. 


Nore: 
turbine, with the other turbine operating at minimum load. 
for a load pickup from 5 megawatts to 56 megawatts. 

Nore: 


from boiler-water storage. The new minimum steam pressure 
can therefore be computed, also the approximate time of its 
occurrence. 

On the other hand, if the fuel-control drive speed were slowed 
down, this would change the slope of the fuel-input line toward 
the right and delay the start of the overfueling process, thus 
necessitating a larger draw-off from boiler-water storage, which 
in turn results in a lower steam pressure. However, the time 
of occurrence of minimum steam pressure will not be altered a 
great deal due to the fact that the excess fuel-input rate to the 
boiler setting will be increased by approximately the amount of 
the reduction in heat available for steam generation, thus com- 
pensating largely for the delay in reaching the desired maximum 
fuel rate. 

If sufficient data could be obtained as to the value of the 
total heat per kilowatt of full-load capacity in excess of steady- 
load requirements (or some other more suitable unit basis) 
which is required to arrest the pressure drop, then it would be 
a simple matter to design for the most suitable relations between 
boiler-water storage, maximum possible fuel-input rate, and 
maximum fuel-control drive speed. There are five factors in- 
volved as follows: 


(a) Total heat in excess of steady-load fuel requirements 
necessary to arrest the steam-pressure drop for a given load 
increment. It is dependent almost entirely upon the size and 
type of equipment installed. However, much more actual test 
data are required than are now available. 

(b) Maximum permissible steam-pressure drop considered 
safe or desirable. This will usually be between 15 and 20 per 
cent of the initial pressure. ; 

(c) Maximum permissible fuel-input rate. This is largely a 
matter of permissible first cost as dictated by the economics of 
the situation. 

(d) Maximum possible speed of fuel-control-drive equipment. 
This will depend largely upon the type of combustion-control 
equipment selecteds 


Item (b) for plant A is based upon two boilers taking the load increment on one 
This was the actual condition 


Item (b) for plant B is based upon one turbine operating with four boilers, which is 
the arrangement necessary for a pickup from 2 megawatts to 90 megawatts. 


been compared with the full-load capacities of 
the turbines on a percentage basis. In item 
(b) of this column for plants A and B, are 
given the values of these boiler-water storage 
factors, which correspond to the actual condi- 
tions of the load-pickup tests described earlier 
in this discussion. It will he recalled that plant A in the test re- 
ceived the benefit of the storage capacity from all three boilers 
when picking up the load on only one turbine. The propor- 
tion of full-load capacity that could be carried from storage un- 
der these conditions is 79 per cent. In the case of plant B, 
the tests showed that three boilers per turbine did not give 
very satisfactory results inasmuch as the drop in steam pres- 
sure was excessive. However, with four boilers per turbine, very 
good results were obtained, and the boiler-water storage factor 
for this arrangement is 86 per cent of the full-load capacity 
of the turbine. This is somewhere near the value of 79 per cent 
for plant A. 

In item (a) for each of these two plants, the boiler-water 
storage factor is given on the basis of all boilers and turbines in 
service. For plant A the figure of 39.5 per cent is for three 
boilers and two turbines, and for plant B the value of 65 per 
cent applies either to six boilers and two turbines or three boilers 
and one turbine. It may be concluded from the results of the 
load-pickup tests that both of these figures are too low for satis- 
factory stand-by operation, if by this is meant the capacity to 
accept and hold approximately full load from an initial mini- 
mum load. This condition is also reflected in the emergency 
load-pickup schedules plotted in Figs. 10 and 11. 

It may further be concluded from this analysis that the mini- 
mum boiler-water storage factor for satisfactory stand-by opera- 
tion should be somewhere between 65 and79 percent. Itis also 
interesting to note the very large factor indicated for plant C. 
The figure for plant D is of the right order. However, contem- 
plated additions in turbine capacity at both these plants will 
reduce the storage factor to a value that will be too low for a full- 
load emergency pickup unless additional boiler capacity is also 
installed. 

In passing, it is of interest to note the difference in the values 
of actual boiler-water storage as given in column 5. If these 
values are reduced to a unit basis by dividing them by the cor- 
responding kilowatt capacities in column 3, a value of approxi- 
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mately 2 lb of storage per kilowatt of capacity is obtained for 
item (6) of plant A as against 6 lb per kilowatt for item (b) of 
plant B, although the corresponding storage factors in column 7 
are of the same order. This merely indicates that the same op- 
erating results may be obtained from much less boiler-water 
storage at the higher pressure. Although the lower water rate 
for the 1250-lb turbine will account for part of this, reference to 
Fig. 21 reveals the fact that, for the same per cent drop in steam 
pressure, more than twice as much steam is liberated from the 
same quantity of water at 1250 lb pressure as is possible at 
400 lb. 

In Table 5 are given the ratios of boiler capacity in equivalent 
kilowatts to the actual turbine capacity. All plants exceed the 
mininwim requirements of 35 per cent excess boiler capacity, as 
called for under item 7 in the list of essential requirements for 
stand-by operation presented earlier in the discussion. The 
one exception to this is indicated in item (b) for plant B, which 
is for three boilers and one turbine or six boilers and two turbines. 
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Appendix 1 


Boiters AND AUXILIARIES OF THE 1400-LB PLANT 


The boilers used in the tests are Babcock and Wilcox cross- 
drum, straight-tube type with superbeater located above boiler 
sections. The furnace is enclosed on four sides by Bailey insu- 
lated waterwalls. Two of the boilers are of the reheat type, as 
shown in Fig. 8; the third boiler is of the standard type. Each 
boiler is equipped with a return-bend economizer and tubular air 
heater, one forced-draft fan and one induced-draft fan. Boiler 
and furnace data are as follows: 


Boiler and furnace: Reheat boilers Standard boiler 


Maximum evaporating capacity, 


MRD Ora TZ ss eee ia wlerdeceooaens 500,000 500,000 
Steam-generating surface, sq ft... 12,300 12,300 
Furnace volume, cu ft........... 15,100 15,100 
Tube, outside diameter, in....... 4 4 
Maximum operating pressure, lb 

POPFEGMIN.  LALS.sieie ciasters sles ee 1,400 1,400 
Weight of water at normal operat- 

ing level and temperature, lb.. 42,000 42,000 

Superheater, convection, single pass: 4 loops 5 loops 
DUEL ACOA Sb.ulaes cha eaten eeu 's 6,300 7,340 
Tube, outside diameter in........ 2, 2 

Primary reheater (steam to steam) 

located above boiler so that drips 

return to boiler drum by gravity: 

Surface, sq ft..... ys CARR RCE RCE Ce 2,700 None 
Tube, outside diameter, in....... 2 None 
Outside diameter of shell, in...... : 60 None 
Wengthiot- shell, intsec ss... sce oes 1225 None 

Secondary reheater, convection, 

single-pass, located in second 

pass of boiler: 

BUntaCOMAC cb nu a mene oes ares sie 9,560 None 
Tube, outside diameter, in....... 2 None 

Economizer, return-bend loop type: 

DUTtacecdG bess soe Secs heroes 17,900 21,100 
Tube, outside diameter, in....... 2 2 

Air heater, tubular: 

External heating surface, sq ft.... 51,600 46,915 


‘transition. 
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Internal heating surface, sq ft.... 


46,650 
Tube, outside diameter, in....... 2 


42,413 
2 


Sturtevant fans are used in the 1400-lb plant. They are 
inlet-vane control-type, direct-connected to two constant-speed 
induction motors, and are arranged for automatic transition 
from low- to high-speed motor, and vice versa, and for auto- 
matic high-speed readjustment of inlet vanes during fan-motor 
The data on these fans are as follows: 


Induced-draft fans: Reheat boilers Standard boiler 


Capacity, cfm at 385 F....... 290,000 240,000 
Speeds rpm eae eee ase eee 876 872 
High-speed motor, rpm.......... 900 900 
High-speed motor, hp....... 1,200 800 
Low-speed motor, rpm........... 600 600 
Low-speed motor, hp............ 350 225 
Forced-draft fans: 
Capacity, cfm at 80 F........... 165,000 135,000 
Speed rpmb Mee we ves rane cee 700 870 
High-speed motor, rpm.......... 720 900 
High-speed motor, hp............ 600 550 
Low-speed motor, rpm........... 450 600 
Low-speed motor, hp............ 150 150 


Peabody-Fischer wide-range mechanical oil burners, and 
three-piece natural-gas burners are used in the 1400-lb plant. 
Burner data are: 


Reheat boilers Standard boiler 


Numberiperiboilonseer: seen eee 26 22 
Natural-gas capacity per burner at 


8 lb per sq in., cu ft per hr....... 21,600 21,000 
Fuel-oil capacity per burner at 275 lb 
perisd In lbsper! hiss ame ee 1,525 1,525 


TURBOGENERATORS AND AUXILIARIES 


The turbogenerators are of the General Electric vertical 
compound type, consisting of a high-pressure turbogenerator 
mounted on the stator of the low-pressure turbogenerator. 
Other data are as follows: 


High-pressure turbine: 


Speed; rpm. Bere aces eee oe ee ee eR 3d 3,600 
Number of stagess = erate, oaee reenter ones aerate 14 
Normal throttle pressure, |b per sq in., gage.......... 1,250 
Total temperatareor steam, iy see. wee eee ete ee 750 
Exhaust pressure, lb per sq in., gage................. 30-425 
Generator capacityvricwas. sent ee aee oe eee 13,000 
Low-pressure turbine: 
Speed, ror stent Se toa eh ey eee, hy eee 1,800 
Number of stages: occ sacs. ne Seuteee ae See ee erie 17 
Normal throttle pressure, lb per sq in., gage.......... 25-405 
Normal temperature of steam, F.................... 705-750 
Exhaust pressure; 1p, bles albsaa ate teres ec ens a ckeniae 1.25 
Generator capacity (compound operation), kw........ 48,000 
Shaft exciter direct-connected to generator, kw....... 200 
Capacity of compound unit, kw..................... 61,000 
IName-plate capacity, kw -cct ce anis ceeiee tee ote ele 50,000 


Steam is extracted from cross-over line between high-pressure 
and low-pressure turbines to secondary feed-pump turbines and 
heater No. 1. Exhaust from the former supplies heater No. 2. 
Extraction from the 10th stage to heater No. 3 and evaporators. 
Vapor from evaporators and gland leak-off to deaerating heater 
No. 4. Extraction from 14th stage to heater No. 5. 


Appendix 2 


BoILERS AND AUXILIARIES OF THE 425-LB PLANT 


The boilers used in the tests described are Babcock and Wilcox 
cross-drum, straight-tube type with an interdeck superheater. 
The furnace is completely inclosed by Bailey insulated water- 


walls. Each boiler is provided with a tubular air heater, two 
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forced-draft fans and one induced-draft fan. Other data are as The fans used in the 425-lb plant are driven by variable-speed 


follows: brush-shifting motors. Peabody-Fischer wide-range mechanical 
Boloranditurmiace oil-burning type and three-piece natural-gas burners are used. 
Boiler horsepower is: &.\:5 an: bts ceed ai eee 3,416 
Heating euriace, sat... 4-45... kc eon ose 34,160 TURBOGENERATORS 
Total furnace volume; Cuctt...< oer tee rete 19,800 
Tube, outside diameter, in....... 42057 --+,--.- 24 4 The turbine and generators were manufactured by the General 
oe ah ae eee ee eer ae are Electric Company. They are of the two-cylinder tandem- 
ee eee P : Pere see ier , compound type with double flow in the low-pressure cylinder. 
atake® a B&W Steam is extracted from the 5th, 10th, 14th, and 18th stages. 
Type—convection, single-pass, four-loop, quadruple- Other data are as follows: 
deck: 
Surface, .sqft3.5 . due. < Sy hee ee ee eae 6,588 Tarbes: 
Taubevoutside diameter sin: . ste e ee ee 2 URIDINE 
ed } Speed sips 500. ccc yerhe: ceca he Rar i © eee 1,500 
TE oe : B&W Normal throttle pressure, lb per sq in., gage.......... 400 
pease pee tise Sami igs POSS 9 D979 OE CRAE aancine Total temperature of steam at throttle, F............ 750 
REET RE ER as ak? ek eS Exhaust pressure, in. Hgabs........... A 1.5 
z Hore ie itcige es atid ed oy * SUES orci Via me MeO SAR rhe: Number of stages in high-pressure cylinder........... 18 
Taian eee BiG) On Ug Aas SEO ea A Number of stages in low-pressure cylinder............ 3 
Number OF Hibes ta. tees. : 0s ore eee here 2,176 
Burners: The main generator has rated capacity of 90,000 kw at a 
aaa a ee as nce een a cee 20 power factor of 90 per cent. The auxiliary generator has a 
perhenets ae NN. Sor ems 29.250 rated capacity of 4000 kw at 80 per cent power factor. The 
Boiler rating for gas flow, per cent.................. 425 actual capacity of the unit is 110,000 kw. 
Appendix 3 


Calculation of power equivalent of heat added to feedwater during the heating period, and that the evaporator is initially on 
heaters during a sudden load increase from 2 to 90 megawatts, live steam but transient heating is supplied by steam from the 
gross. It is assumed that there is no flow through the heaters tenth stage. 


Heater 5th 10th EC 14th 18th 
i> “Weightiotsheater filledWlbss. eae ee ene eee 75,000 68,000 50,000 52,000 53,800 
2 Weight/of heatemempty,ibs..cotee oo eee eee eee 61,000 55,000 36,800 36,000 37,000 
3) Weight of waterin’ heaters] bsec een ee ere eee 14,000 13,000 13,200 16,000 16,800 
4. "Tubersurface; sqtt: saasiet. tr ee ee ce. eee 3,300 2,850 3,200 4,000 4,500 
Se eNumber of tubes ya accel eee es cient cee eee 1,996 1,996 2,220 2,368 2,536 
6" Surface:per- tube; sq ditesn. erro ne cone eee eee 1.65 1.43 1.44 1.69 1.77 
7. Outsidetdiameter oftube: ines eee ee ie eee ee 0.75 0.75 0.625 0.625 0.625 
8° Gage of tubes Bwr tao cee eee ncn ce eee 14 14 18 18 18 
9 Effective length of tube,in. Item 6/(8.1416 X item 7/12) . 8.4 7.2 8.8 10.3 10.8 
10; /Tube-sheet-thickness; ft..cec aceite aril scrote eee 0.33 0.33 0.12 0.17 0.17 
11 Total length of tube, ft. (2 X item 10) + item 9........ geil 7.9 9.0 10.6 ab TES 
12) sWeightiofshibe, 1b periitizen. se cer eee eo ee 0.64 0.64 0.33 0.33 0.33 
13 Total weight of tubing, lb. Item 5 X item 11 X item 12. 11,600 10,100 6,630 8,300 9,300 
14 Weight of shell, lb. Item 2 — item 13................. 49,400 44,900 30,200 27,700 27,700 
15 Temperature of water leaving heater at 2 megawatts load, F. 220 175 165 85 80 
16 Temperature of water entering heater at 2 megawatts load, F. 175 165 85 80 70 
17 Average temperature in heaters, F............00-++00:- 197 170 125 82 75 
18 Temperature of water in heaters at aload of 90 megawatts, F. 388 320 260 249 169 
19 Temperature rise due to load, F. Item 18 — item 17.... 191 151 135 167 94 
20 Heat to brass, Btu. Item 19 X item 13 X 0.092%....... 204,000 139,000 82,000 127,000 80,000 
21 Heat to steel, Btu. Item 19 X item 14 X 0.118%........ 1,110,000 795,000 481,000 546,000 308,000 
22 Heat to water, Btu. Item 19 X item 3................ 2,680,000 1,950,000 1,780,000 2,680,000 1,580,000 
23 Total heat absorbed by heater, Btu. Item 20 + - 
item) 21 Item 22) /s.<..cie,0 « @ oajerere eters eee Stole elereeTeie 3,994,000 2,884,000 2,343,000 3,353,000 1,968,000 
24 Heat content of steam at extraction point, Btu per lb.... 1,321 1,246 1,170 1,163 1,073 
25 Heat content of drips, Btu per lb............0..0+00+08 365 291 225 216 135 
26 Heat content of extracted steam less heat content of drips, 
Btuper lb. eltem 24 —-utemuc base sie aire eas 956 955 945 947 938 
27 Steam extracted, lb. Item 23/item 26.................- 4,180 3,020 2,480 3,540 2,100 
28 Heat drop, stage to condenser, Btu per lb..............- 349.5 275 275 191.5 101.5 
29 Kilowatthours lost to heaters. (Item 28 X item 27) /3414. 418 244 200 199 61 
30 -Total kilowatthours lost to :allcheaters sess. ae ciclo ore soars cin tetebenste 7:> ole ms are taleieieke wise alate lode rates) iene en Ree ee 1,122 


* Specific heat of brass. 
> Specific heat of steel. 
Norte: Values in this table used in plotting Fig. 18. 
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Development of a Fuel-Injection 
Spark-Ignition Oil Engine 


By NICHOLAS FODOR,! MILWAUKEE, WIS. 


The author describes a fuel-injection spark-ignition 
oil engine which was designed to operate on the same fuel 
as a Diesel engine and with approximately the same fuel 
economy, but with pressures throughout the entire cycle 
which would not exceed those of a gasoline engine of equal 
size and speed designed for the same service. 

In the oil engine only air is admitted to the cylinder 
during the suction stroke. This air is then compressed 
to 160 lb per sq in., corresponding to about 6.35 to 1 com- 
pression ratio. At the end of the compression stroke, at 
about 60 deg before top dead center, the fuel is injected 
into the cylinder in finely atomized state by the fuel pump 
and injector. The fuel pump and injector are of the same 
design as those used for Diesel engines. Injection con- 
tinues until the piston reaches top dead center. The spark 
occurs 15 deg before top dead center. Due to the time 
necessary for the vaporization of the injected fuel and its 
mixing with the air inside the cylinder, not all the fuel 
injected during the time from the beginning of injection 
until the spark occurs, will ignite at once, but a rather 

_ orderly combustion will take place and the maximum 
pressure is reached after 10 to 12 deg top dead center, 
_when the engine is running at its rated speed and carries 
full load. At part-load operation, the beginning of in- 
jection is correspondingly later, but the spark timing is 
fixed. The rate of combustion is controlled by the rate 

_of discharge of the fuel. 
| The expansion and the exhaust strokes have the same 
‘functions in this engine as in gasoline and Diesel engines. 
As in the case of the gasoline engine, the spark can ignite 


HE purpose of this paper is to explain briefly the principal 

features of the spark-ignition fuel-injection oil engine 

developed in the oil-engine laboratory of the Allis-Chal- 

mers Manufacturing Company, and to present the fundamentals 
of combustion of such an engine. 

The development of the oil-engine was prompted by the de- 


1 Engineer in Charge of Oil Engine Development Work, Allis- 
Chalmers Manufacturing Company. Mr. Fodor was graduated 
from the Royal Hungarian Technical University, Budapest, in 1922 
with the degree of mechanical engineer. After graduation he was 
employed for two years at the L. Lang Machine Works in Budapest. 
In 1925 he joined the Fried Krupp organization as development and 
test engineer of Diesel engines and Diesel locomotives. He resigned 
from this connection in 1933 and became a consultant for high-speed 
engine problems. In June, 1934, he entered the service of the Allis- 
Chalmers Manufacturing Company. 

Contributed by the Oil and Gas Power Division and presented at 
the Ninth National Oil and Gas Power Meeting of THz AMERICAN 
Socrmty or Mecuanicat EncInreERS, held at Ann Arbor, Mich., 
June 24-27, 1936. Also presented at the Semi-Annual Meeting of 
Tur AMERICAN Society or MECHANICAL ENGINEERS, held at Dallas, 
Texas, June 15-20, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until March 10, 1937, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Nortu: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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a mixture in the fuel-injection spark-ignition oil engine 
only when it is constituted of the proper amount of fuel 
and air necessary to sustain combustion, i.e., a mixture 
must have the proper air-fuel ratio. In order to maintain 
this proper air-fuel ratio at all loads, it is necessary that 
the quantities of fuel and air be controlled in accordance 
with the momentafy load. 

At full load the total quantity of air available in the en- 
gine is utilized and an air-fuel ratio of approximately 
16 to 1 is maintained. At part loads the air admitted to 
the cylinders is reduced in accordance with the momen- 
tary load. For metering the fuel, the vacuum of the 
manifold is used, which acting upon the fuel pump will 
set the corresponding quantity of fuel. 

Electric current for the spark plug is supplied from either 
a magneto ora battery by the customary coil and distribu- 
tor. 

The fuel consumption at full load of the production 
engine amounts to 0.44 lb per bhp-hr, and the part-load 
fuel economy approaches very closely that of the Diesel 
engine. The engine can run on gasoline, on fuel oils 
used in house-heating furnaces, or on regular fuel oils 
used for Diesel engines. The engine seems to be very in- 
sensitive toward its fuel. 

The engine has a very flat torque characteristic and is 
highly flexible, therefore, ideal for automotive use. 

Inasmuch as the maximum pressures are the same as 
those in gasoline engines, the fuel-injection spark-ignition 
oil engine is built with the same weight per horsepower 
as that of the gasoline engine. 


mand for replacing gasoline as fuel in tractor engines, mainly, 
on account of the greater economy of operation. The adoption 
of the Diesel engine in place of the gasoline engine seemed to be 
plausible when the change was considered, but after exhaustive 
tests it was found that existing transmissions of the tractors 
could not stand up for any length of time under Diesel opera- 
tion. The high cyclic torque variations of the Diesel engine 
were detrimental to the clutches, gears, and shafts of the trans- 
mission, and had the Diesel engine been adopted for the tractor, 
it would have been necessary to redesign the entire transmission 
which would have materially increased the cost to the consumer. 
Due to the fact that the Allis-Chalmers Manufacturing Company 
is a large producer of gasoline-engined tractors, the splitting of 
the production line into separate sections for gasoline- and 
Diesel-engined tractors would be very undesirable from an 
economical standpoint and, therefore, the company decided to 
investigate the possibilities of the low-compression, fuel-injection, 
spark-ignition oil engine. 

A comparison of indicator cards of Allis-Chalmers oil engines 
and Diesel engines of equal bore and stroke is shown in Fig. 1. 
The oil-engine diagram shows an actual power diagram of the 
oil engine when running at 1050 rpm with an indicated mep of 
111 lb persqin. The Diesel diagram has been computed on the 
basis of a compression ratio of 16 to 1, an indicated mep of 111 
lb per sq in. and a maximum pressure of 970 lb. 


“— 


Cylinder Pressure, Lb per sq in. abs 
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Fig. 2 shows the tangential diagram of a 51/4 X 61/2-in. four- 
cylinder 1050-rpm Allis-Chalmers oil engine and the tangential 
diagram of a Diesel engine of the same size—running at the same 
speed. Tangential forces were calculated from the diagrams 
shown in Fig. 1. 

Fig. 3 shows the diagrams of actual torque delivery at the 
flywheel at 1050 rpm by six-cylinder oil and Diesel engines. 
These diagrams illustrate the extent of the cyclic variation of 
torque for both types of engines, and they are self-explanatory. 
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Fie. 1 Comparison oF INDICATOR CARDS OF THE A-C Orn ENGINE 
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Fre. 2 TaneentiAn Diacrams or THE A-C Oi ENGINE AND 


DimseL ENGINE OF THE SAME S1zB 
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Before starting the development of the fuel-injection spark- 
ignition oil engine, all pertinent factors were considered and 
analyzed and as a result, it was found that a desirable oil engine 
for tractors, and for that matter for all other automotive pur- 
poses, should fulfill the following requirements: 

1 It must burn the same low-cost fuel oils as used in com- 
mercial Diesel engines, and with approximately the same fuel 
economy. 


Atmo. 


2 It must not be sensitive to fuels and should operate on any 
hydrocarbon fuel which will flow easily at surrounding tempera- 
tures. 

3 Its cylinder pressures throughout the entire cycle of opera- 
tion must not exceed those of the gasoline engine of identical 
dimensions, speed and compression ratio, and designed for the 
same service. 

4 It must start immediately when cold without artificial 
means or complicated starting mechanisms. 

5 Construction of the elements of the engine and the material 
employed should be identical with those of the gasoline engine. 

6 The fuel-injection system must be simple, its operation 
easily understandable to the average mechanic, and its servicing 
must require neither special tools, equipment, nor training. 
The same specifications refer to the ignition system. 

Fig. 4 shows a view of the oil engine; Fig. 5 is a cross section of 
the same engine. 


PRINCIPLES OF OPERATION 


The principles of operation of the Allis-Chalmers oil engine 
are as follows: It operates on the four-cycle principle with air 
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Fic. 3 Torqur DELIVERY AT THE FLYWHEEL OF THE A-C OIL 
ENGINE AND A DiesEL ENGINE OF THE SAME S1zEn, Boro RUNNING 
AT 1050 Rem 


nly being admitted to the cylinders during the intake stroke. 
This air is then compressed to a pressure of 160 lb per sq in., cor- 
responding to a compression ratio of approximately 6.35 to 1. 
Toward the end of the compression stroke, at about 50 deg 
before top dead center, fuel injection commences and fuel is 
injected into the cylinders in a finely atomized state by the fuel 
pump and injector. The fuel pump and injector are of a design 
similar to those used in Diesel engines. Injection continues until 
10 deg before top dead center. The spark occurs about 12 deg 
before top dead center. Due to the time necessary for the vapori- 
zation of the injected fuel and its mixing with air inside the cylin- 
der, not all the fuel injected during the interval from the begin- 
ning of the injection until occurrence of the spark, will ignite 
at once, but a rather orderly combustion takes place and the 
maximum pressure is reached at approximately 15 to 18 deg 
past top dead center, when the engine is operating at its rated 
speed and load. At part-load operation, the beginning of the 
injection is correspondingly later, but the spark timing is fixed. 


OIL AND GAS POWER 


The rate of combustion is controlled by the timing of the fuel 
injection. 

The expansion and exhaust strokes have the same functions 
in the oil engine as in the gasoline or Diesel engines. 

As in the case of a gasoline engine, the spark can ignite a mixture 
in the fuel-injection spark-ignition oil engine only when it con- 
sists of the proper mixture of fuel and air to sustain combustion, 
i.e., the mixture must have the proper air-fuel ratio. In order 
to maintain this proper air-fuel ratio at all loads, it is necessary 
that not only the fuel quantity be controlled in accordance with 
the load, but also the air. 

At full load the total quantity of air available in the engine is 
utilized and an air-fuel ratio of 15 or 16 to 1 is maintained. At 
all part loads, the air admitted to the cylinders is reduced in 
accordance with the momentary load. This is accomplished by a 
simple butterfly valve placed between the air-cleaner and intake 
manifold and operated by a conventional governor. For metering 
the fuel, the vacuum of the manifold is used to regulate the fuel 


Fie. 4 Tur Auiis-CHALMpERsS O1L ENGINE 


pump so that it will supply the proper quantity of fuel and thus 
maintain a substantially constant air-fuel ratio. 

Electric current for the spark plugs is supplied from either a 
magneto or from a battery and the customary coil and distributor. 


CoNSTRUCTION OF THE ENGINE 


The Allis-Chalmers oil engine is built with 5!/, x 61/2-in. 
cylinder dimensions. Its fulltoad s speed is 1050 pm and the 
maximum governed speed is 1200 rpm. 

The combustion chamber is contained in the cup-shaped 
piston. The cylinder headis flat. Piston design follows the gene- 
rally accepted gasoline-engine practice. The pistons are made of 
tin-plated cast iron. Three compression rings, */1s in. wide, and 
one oil ring 1/,in. wide are employed. Rings are of the same ma- 
terial and dimensions as used in the Allis-Chalmers gasoline en- 
gines. The replaceable cylinder liners are made of nickel cast 
iron and with the customary hardness. Oil and gasoline engines 
use the same liners. 

The cylinder-head design follows standard Diesel practice. 
The intake and exhaust valves are as large as the cylinder bores 
permit. The valve ports were designed to give the least possible 
resistance to the flow of air and gas. For this reason the intake 
port is streamlined. Air flows from the intake manifold through 
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the port and past the valves into the cylinder in an uninterrupted 
stream free from eddys or sudden changes in velocity due to the 
proper cross-sectional variation. Since the intake and exhaust 
valves are located at either side of the cylinder, air will naturally 
enter tangentially and the resultant turbulence created thereby 
is sufficient for maintaining good combustion at high-speed full- 
load operation. 
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(Curves plotted from results of two runs, one with the engine exhausting 

into a receiver and one with the engine exhausting into a standard exhaust 

stack. Both runs were made at 1040 rpm, and with a fuel rate of 2360 

revolutions per 2 lb fuel. Norn: The residual exhaust gases cause slower 
combustion and also a loss of power.) 


The same streamlining principle was employed for the exhaust 
ports in order to obtain the maximum evacuation of the cylinders. 
Exhaust-gas dilution slows down combustion and, therefore, 
in the low-compression oil engine, it is very important that the 
combustion chamber, at the end of the exhaust stroke, be filled 
with exhaust gases of not more than atmospheric pressure, and 
preferably less. Fig. 6 shows the influence of exhaust-gas dilution 
on combustion rate. 

Great care has been taken in providing large water passages 
over the combustion chamber and around the valves to prevent 
hot spots and to maintain uniform combustion temperature in 
every part of the chamber. 
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Valves, valve gearing, crankshaft, connecting-rods, and bear- 
ings are identical in both the Allis-Chalmers oil and gasoline 
engines. The fact is both engines are built on the same assembly 
line. In the following paragraphs is a description of the parts 
and equipment which are peculiar to the oil engine and not em- 
ployed on the gasoline engine. 


Tue Fuet-INsecTION EQUIPMENT 
The injection system comprises two main divisions: (1) The 
injection pump, and (2) the injector. The pump meters the fuel 
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Fria. 7 Deco Pump AssEMBLY USED ON THE A-C O1L ENGINE 


and delivers it under pressure to the injectors. The injector 
discharges the fuel into the combustion chamber in a form in 
which it can be readily burned when suitably heated, mixed with 
air, and ignited with a spark. The fuel pump used on Allis- 
Chalmers oil engines is known as the Deco pump. This pump is 
shown in Fig. 7. The operation of the pump is simple and de- 
pendable because it follows the familiar time-proved principle 
of plunger-and-valve operation. 

Fig. 8 shows the simple construction of the Deco pump. The 
housing, body, and suction-valve covers make up the three sec- 
tions of the pump. The housing is made of cast iron, with a 
finished top surface, making a perfect fit between the housing 
and the body. A machined-steel body is fastened to the pump 
housing by means of two studs. Capscrews fasten the suction- 
valve cover, which also serves as a fuel manifold to the top of 
the body. 

The Deco fuel pump includes an individual pump unit for each 
engine cylinder. Each pump unit consists of a suction valve, 
plunger and barrel, discharge, and tappet assembly. The barrel 
fits securely in the body as shown in Fig. 9. Directly above the 
barrel is the suction-valve body. The lower portion of the valve 
body is accurately ground as a valve seat, and the upper portion 
acts as a guide for the suction valve. A small spring insures a 
quick closure of the valves when the suction force is released. 
Several small holes drilled in the suction-valve body, just above 
the seat, permit fuel to pass from the fuel manifold to the valve. 
The entire valve assembly is held securely in position by the 
sleeve nut which is screwed into the pump head. 

The plunger and barrel, which are located directly beneath the 
suction-valve assembly, are accurately ground to secure a perfect 
fit of the plungers in the barrels. The lower end of the plunger is 
in contact with the tappet adjusting screw located in the upper 
end of the tappet body assembly. The lower end of the tappet 
assembly is provided with a roller which engages the camshaft, 


and the entire tappet assembly is installed with a sliding fit in 
the pump housing and rests on the flat eross section of the control 
rod. It is held in place by the heavy plunger spring. 

The control rod which extends the entire length of the pump 
housing passes through all of the tappet bodies between the 
rollers and tappet screws. The section of the control rod within 
the tappet bodies is machined flat and by its rotation the plunger 
stroke and, therefore, the amount of the fuel handled by the 
pump is controlled. 

The pump camshaft running in a bath of oil is supported on 
both ends by roller bearings with suitable oil seals, and mounted 
in a chamber which is entirely sealed from the rest of the housing 
except for a small air vent. In this design, fuel oil which may 
collect in the upper portion of the housing cannot enter the cam- 
shaft chamber and dilute the lubricating oil. A drain is provided 
for any fuel oil that may collect in the upper portion of the hous- 
ing. 

In front of the suction-valve cover, and located in the body 
proper, is a discharge valve, consisting of the valve, barrel, and 
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spring. The valve is drilled to accommodate the spring. The 
tip of the valve is conical in shape and fits into the lower portion 
of the barrel which is accurately ground to a valve seat. The 
upper portion of the barrel serves as a guide for the valve. There 
are holes drilled in the conical tip of the valve just above the valve 
seat, and flats are machined along the entire length of the out- 
side of the valve body. By means of these holes and flats, fuel 
can flow unhindered through the injector tubing and to the 
injector when the valve is opened. 

The Deco pump operates as follows: When the plunger moves 
downward toward its low position, it creates a suction at suction 
valve and opens the valve, thus filling the barrel with fuel. When 
the plunger reaches its lowest position, it remains stationary for 


OIL AND GAS POWER 


a moment, thus relieving the suction, and the spring closes the 
suction valve before the plunger starts upward. As the plunger 
starts upward on its delivery stroke, the fuel within the barrel 
and in the fuel passage is under a pressure of 1350 lb per sq in., 
which lifts the discharge valve. Fuel then flows into the injection 
line to the injector. The injector line carries the fuel to the spray 
nozzle located in the cylinder head of the engine through which 
it is sprayed into the combustion chamber. 

The flow of fuel into the combustion chamber will continue as 
long as the pressure remains above 1350 lb per sq in. As soon as 
the plunger reaches the end of its upward stroke, this pressure 
falls below 1350 Ib per sq in. and the injector closes, terminating 
injection. The amount of fuel injected by the pump is metered 
by varying the length of the plunger stroke; the arrangement is 
shown in Fig. 10. 

Rotation of the control rod a few degrees causes the high edge 
of the control rod to act on the adjusting screw and thus raise 
the entire tappet assembly. The effect of this movement is to 
decrease the stroke of the plunger, because the roller will be 
raised and therefore will be contacted by the cam at a higher point 
on the cam. By rotating the control rod to the maximum, the 
roller in the tappet assembly may be raised so that it will never 
be contacted by the cam. In this position the pump becomes 
ineffective, which serves to stop the injection. 
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Fie. 9 SecrionaL View oF THE Deco Pump SHOWING THE SUCTION 
VALVE, PLUNGER AND BARREL, AND THE TappET ASSEMBLY 


The second part of the injection system is the injector, the 
assembly of which is shown in Fig. 11. It contains a spring- 
loaded nozzle valve that regulates the injection pressure, and is 
operated hydraulically by the fuel pump. The part of the in- 
jector which enters into the combustion chamber is called the 
tip. The design of the tip determines the shape of the fuel spray, 
its power of penetration, and the degree in which it is broken up 
into a fine mist. 

A conventional diaphragm pump driven off the fuel-pump 
camshaft supplies the injection pump with fuel from the tank. 
This primary pump forces the fuel through a filter before it can 
enter the injection pump. The filter is a commercial product and 
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capable of removing all particles larger than 0.0015 in. from the 
fuel. A prefilter installed in the fuel tank removes large particles 
from the fuel oil. 

It was mentioned at the beginning of this paper that not only 
the fuel but also the air must be governed in accordance with 
the momentary load on the engine. The engine is throttled and 


Part Load 


Fic, 10 SHowinG VARIABLE STROKE OF THE Deco Pump 


Full Load 


governed by means of a vacuum con- 
trol which is mounted on one end of 
the fuel-injection pump. The con- 
trol, shown in Fig. 12, has a vertical 
spring-loaded piston within a cyclin- 
der which, by means of suitable link- 
age, turns the pump control rod in 
the fuel pump. 

The vacuum control cylinder is air- 
tight except for two outlets, one on 
each side of the piston. The outlet 
on the spring-loaded side of the piston 
is piped to the vacuum side of the but- 
terfly valve in the intake manifold. 
The other outlet connects to the air- 
cleaner side of this valve. Any in- 
crease in the manifold vacuum will 
move the piston downward against 
the spring tension, and any decrease 
in the manifold vacuum will allow 
the spring to move the piston up- 
ward. The movement of this piston 
is transferred to the control rod in 
the pump and causes it to rotate, 
thus increasing or decreasing the 
length of the stroke of pump plunger 
in accordance with the manifold 
vacuum. 

The vacuum in the manifold is controlled by the position of 
the butterfly valve, which is in turn controlled by a conventional 
governor, 

In the foregoing manner the correct air-fuel ratio is maintained 
at all loads and speeds; the spring ratio and the vacuum control 
are so determined as to maintain a definite relationship between 
the quantity of air drawn into the engine and the fuel injected 
into the engine, both thus corresponding to the vacuum in the 
manifold. 

Fig. 13, which is shown on the following page, shows the rela- 
tion of fuel to manifold vacuum, thus indicating the delivery 
limits of the Deco pump. 
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IGNITION EQUIPMENT 


The ignition equipment consists of either a magneto and spark 
plugs, or a battery with distributor, coil, and spark plugs. 

The oil engine requires a hotter spark than the gasoline engine, 
and therefore the conventional magneto did not give satisfactory 
service, or rather, it did not have enough reserve capacity for all 
emergencies. The magneto used for oil engines has a rotor made 
either of cobalt steel or the so-called alnico alloy, otherwise its 
design is identical with the conventional types. 

Similarly the battery-ignition system had to be revamped to 
give hotter sparks. Today, both magneto and battery ignition 
suitable for oil engines are commercially available. 
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Fie. 12 Vacuum Controu ror THROTTLE-GovVERNING THE A-C 
O1L ENGINE 


LiL 


CANAAN 


The spark plugs in the oil engine must show a very high re- 
sistance against fouling. Every time an injection takes place 
the;plug is soaked with fuel and it still must not fail to function. 
It took two years of close cooperative work with the plug manu- 
facturers before the spark-plug problem could be considered as 
solved. ‘Today there are spark plugs of several makes which 
will give several hundred hours of uninterrupted service. 


STARTING 


The Allis-Chalmers oil engine is an easy starting engine. A 
little gasoline injected into the intake manifold by means of a 
primer provided for the purpose, two or three upward pulls on 


the starting crank, and the engine is running. This starting 
method has been effective at all temperatures. 

Due to the low compression pressure there is no necessity to 
relieve compression or convert the engine for starting into a 
gasoline engine. There is no fuel to switch over. The fuel oil is 
injected as soon as the engine starts turning over. The oil engine 
does not require any more priming or warming up than the gaso- 
line engine. 
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Fie. 13 Der.tvery Liuits oF THE Deco InNsecTION Pump 


Fie. 14 ComsBustion CHAMBER OF THE A-C O1L ENGINE 


If desired, a 12-v electric starter of conventional capacity and 
design can be supplied. 


{ CoMBUSTION 


Fuel is injected into the combustion chamber by the injector 
through a multiple-orifice nozzle tip. The number of sprays and 
their included angle have been so selected that the entire chamber 
is uniformly supplied with fuel. The sprays are directed toward 
the bottom of the cup-shaped combustion chamber and at no 
time during the injection period can they penetrate over the 
edge of the piston. This arrangement prevents crankcase dilu- 
tion and at the same time is very beneficial for the rapid vaporiza- 
tion of the fuel. The spark plug penetrates deeply into the com- 
bustion chamber and ignites that part of the fuel charge which 
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2 \ | 
Es \ 
Ne (a) (c) ; (e) 
. Top 1C Seren | Top IC ey) | Top 1C a ee 
e 1 \ 
xs (4) 4 (7) (fF) 
Pee Tee ree ge Top VC. mf eel Top TC. oa 
Fie. 15 Inpicaror Carps TAKEN ON THE A-C O1L Eneine WHILE RunniInG CoLp 
Card.. d se a b c d e t? O15 EAE Cin Se eae a b c d e 
Test no. i O. —20, 002. 13 13 13 13 13 13 Ignition: 
Cylinder noushots eee 1 1 1 1 1 1 Cyl. no. Spark Self 50/50 50/50 Spark 
Speed, rpm. i omeelObo:. 964: 830: 720 625 510 Cyl. no. 50/50 Self Self 50/50 Spark 
Beamiloadilbs.... eee 202 208 205 203 198 193 Cyl. no. Self Self Self 50/50 50/50 
Rey. per 2 lb of fuel...... 3425 3495 3481 3472 3471 3508 Cyl. no. Self Self Self 50/50 50/50 
Exhaust gas temp, F..... 1115 1020 920 860 830 760 Running knocks............... L.P. L.P. iP ip 
Jacket water temp, F.... 182 128 124 124 122 120 Indicator spring scale, lb per in. 300 300 300 300 300 300 
Exhaust condition....... I I I I Haze Smoke Pump ptMing) eget ec ie 58 58 58 58 58 58 
Magneto timing, deg............ 15 15 15 15 15 15 
I = invisible; L.P. = light ping; P = Ping. Manifold vacuum, in. Hg........ 25. Vals76y 0.875 7 0.75) 0.625 0.24376 
is already in vapor state. A cross section 
of the combustion chamber is shown in Fig. 
14. 
All tests with various spark-plug locations, 
injection, and spark timing, combustion- ie 
chamber temperatures, nozzle designs, and 
turbulence, showed that in a spark-igni- 
tion fuel-injection oil engine, ignition of 
the fuel takes place from the vapor state. 
This contention is supported by the fact 
that the combustion-chamber temperature tht at 
bears a very definite relation to the start Fie. 16 Inpicaror Carps TAKEN on THE A-C O11 Enerne Waite Running Warm 
of the combustion. Indicator cards taken Cae b c d 
with the Prescott indicator show clearly aay ee er 
cies 1100 925 725 629 
that this is the case. 197 207 {90 198 
It can be seen from the cards in Fig. 15, Rev. Bee 2 Ib of fuel. RR ee Unt tant er Lapa ta 3514 3516 3441 3568 
which were taken with a cold engine, that Facket-water, tomp, i epee oe ORM USE mer ec a2 
j i j : KNAUSE CONGIGLON ss ois i.e ss ce wee oe een tenas ho aze aze 
the combustion line is NALLY irregular AK ED EBEON ir ei Gee hv foc 2 oss aid Saat eee Winer ied fac Spark 50/50 Self lf 
at slower speeds when the engine is run- ee knocks. . igi an Eee. aE HEL 
ning with self-ignition. These cardsshould pump eoretnin sea °, per in... 58 58 58 me 
- 4 Magneto timing, deg.. 15 15 15 15 
be compared with those taken with a Manifold vacuum, in. ‘hg.. 1.875 1 0.6875 0.625 


warmer combustion chamber as shown in 
Fig. 16. 

Much can be learned about combustion by the use of indicator 
cards that show the relation of cylinder pressure and angular 
position of the crankshaft with the P-7 cards. Cards shown in 
this paper were taken with a Prescott indicator which was found 
to give very reliable readings. 

Fig. 17 shows five cards taken during a torque-curve run; 
they represent typical full-torque performance of the engine with 
standard equipment and setting. 

Information obtained by analysis of indicator .cards was 
plotted for various tests. The time rate of pressure rise shown 
in Figs. 18 and 19 is very interesting. In general it will be found 
that the maximum time rate of pressure rise or corresponding 
rate of burning occurs at some speed intermediate between the 
low-speed and high-speed limits in an Allis-Chalmers oil engine. 
This maximum time rate of pressure rise or combustion occurs 
at about 750 to 800 rpm but may vary from 600 to 800 rpm with 
various setups of apparatus. In a smoothly operating engine this 
time rate of maximum pressure rise will reach a value of from 
100,000 to 150,000 lb per sq in. per sec. 

Fig. 18 shows tests results of a setup with a special cam in the 
injection pump giving an increasing rate of fuel discharge. The 


L.P. = light ping; H.P. = ‘hosen ping; iba = eres 


time rate of maximum pressure rise clearly shows the influence 
of discharge rate upon combustion. 

Fig. 19 shows test results of the standard setup of the engine. 
Again the time rate of maximum pressure rise depicts results 
with a constant rate of fuel discharge during injection. 

In order to burn the fuel efficiently, a rapid and well-timed 
combustion must be attained. The fuel must be burned as 
near to top dead center as possible to give a maximum expansion 
of the gases. Thus, the actual start of combustion must start 
before top dead center so that the maximum pressure rise will 
come near top center. The mechanical strength of the engine 
and the smoothness of engine operation modify the above theo- 
retical considerations such that a maximum pressure of 30 lb 
per sq in. per deg of crankshaft rotation is allowable; also the 
maximum pressure must not occur sooner than 10 deg after top 
center. If the foregoing limits are exceeded, there will be exces- 
sive pinging with consequent loss of power. Thus the pressure 
rise per degree and the angle of maximum pressure after top 
center are knock factors; see Fig. 19. 

It has already been mentioned that vaporization of fuel is an 
important factor in engine performance and combustion. Fig. 
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Fie. 17 Fuxuzt-Toraun Inpicator Carps TAKEN ON THE A-C O1L ENGINE 


Card iemnatpa en ee ; a b ¢€ d e Card esc. croatia ee a b c d e 
Test TOs steps covaeietetenercneussote 14 14 14 14 14 Exhaust condition.............. I 8.8. Smoke 
Cylinder no:ect ne oe ee 1 1 1 1 DML ENIGION | «sre niei terete cee ete 50/50 50/50 50/50 Self Self 
Speed, cpa. scrcon.c ws 5 ee 1051 908 750 612 456 sunning knocks... .. eee er Uae <a at aoe atrats 
Beam load Ibe... 022. 6 292.4 300 307 311.5 301 Indicator spring scale, lb per in... 300 300 300 300 300 
Rev. per 2 lb of fuel...... 2504 2537 =©2538 2540 2549 Pump timing, deg................ 60 60 60 60 60 
Exhaust-gas temp, F..... 1290 1240 1130 1020 900 Magneto timing, deg..... 12 12 12 
Jacket-water temp, F.... 138 152 140 138 146 Manifold vacuum, in. Hg 0.75 0.4875 0.3125 


I = invisible, S.S. = slight smoke. 
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Fia. 18 Resuits OBTAINED WITH A SPECIAL CAM IN THE INJECTION 
Pump To Give AN INCREASED RATE oF FUEL DISCHARGE 


(Results for No. 6 cylinder ees pump timing and 12-deg spark 
timing. 


20 gives a vivid picture of the influence of pump timing or in- 
fluence of time element on the rate of combustion. Both runs 
shown on each of the cards in Fig. 20 were made under practically 
identical conditions in so far as speed, fuel rate, water tempera- 
ture, and manifold vacuum were concerned. The main difference 
between the two runs lies in the pump timing of 53 deg and 58 
deg, respectively. The variation in the spark timing during the 
two runs did not affect the engine performance. 

The timing of the spark plays a very small réle in the rate of 
combustion. For the most efficient performance in the present 
A-C oil engine, there must be a time element of about 45-deg 
crankshaft angle between the start of the injection and the oc- 
currence of the spark at full load. Reducing this interval brings 
skipping, and increasing the interval causes afterburning, but 
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Fie. 19 Resuirs OBTAINED WITH A STANDARD CAM ARRANGEMENT 
In THE INJECTION Pump 


(Results for No. 6 cylinder with 60-deg pump timing and 12-deg spark 
timing.) 


never skipping. The fact is that any engine can be made to 
perform by simply retarding the spark. Thus, if an injector 
were not operating properly and the fuel is not being distributed 
or atomized, a longer period of time is required for the ignitible 
mixture to form. This would seem to be a function of the time 
required for vaporization of the fuel, since vaporization is a time 
function. 

Turbulence was found to be necessary for high-speed full-load 
operation with the open-type combustion chamber and with the 
spark located opposite the injector. We have good reason to 
believe that in the Allis-Chalmers oil engine, the chief benefit 
derived from the turbulence within the combustion chamber 
is to effect uniform mixing throughout the entire chamber by 


OIL AND 


continuous agitation and movement of the mixture which facili- 
tates ignition and increases the rate of flame propagation. 
However, no amount of turbulence will make up for a partially 
plugged nozzle tip, and the engine will skip until the injector is 
repaired. It is believed that in an absolutely uniform mixture, 
turbulence will not be necessary. This is impossible to attain 
in practice, but as it was approached, performance of the engine 
was enhanced in the same degree. At speeds below 1000 rpm 
and part-load operation, turbulence was found to be not only 
unnecessary but to be very undesirable. 

The following figures present data relating to performance of the 
engine: 

Fig. 21 shows the part-load performance when engine is set 
rich. Fig. 22 shows a set of indicator cards taken at various loads 
of the engine. Fig. 23 shows a set of weak-spring cards taken 
at variable speeds and fully opened throttle. Note good evacua- 
tion of exhaust gases. Fig. 24 shows a set of full-load cards 
taken during a torque-curve run. Figs. 25 and 26 show the full- 
load performance curves, both observed and corrected, of the fully 
equipped engine with fan, radiator, air cleaner, water pump, and 
generator. A standard set of apparatus was used. The fuel 
oil was Stanolex No. 3. The lowest fuel consumption was 
0.440 lb per bhp-hr and the maximum indicated mep was 115 lb 
per sq in. 

The engine runs at all speeds and loads with invisible exhaust. 
At very low-speed lugging a slight color in the exhaust appears. 
The engine will idle as low as 160 rpm consistently. There is no 
crankease dilution, no deposit of carbon on the pistons or on 
the valves. 

Engine will operate on gasoline, kerosene, distillates, and com- 
mercial Diesel oil or domestic furnace oils, as long as the fuel will 
flow at surrounding temperature. Gasoline, kerosene, and dis- 
tillates when used are to be mixed with 3 to 5 per cent engine 
lubricating oil which is required for lubrication of the injection 
apparatus. 
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Fig. 21 PrrroRMANCE CHARACTERISTICS OF THE A-C O1L ENGINE 


Wirs Ricu Fur. INJECTION 


The development of this oil engine consumed two years of 
research work, but the author believes that only a start has been 
made with this new-type oil engine. Much research work still 
remains to be done before the fuel-injection spark-ignition engine 
will assume its proper place among internal-combustion engines. 
The engine described in this paper is now in regular production 
and is used in crawler-type tractors and for power units. 

[Figs. 22, 23, 24, 25 and 26 appear on the pages immediately 
following. ] 
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Fig. 20 Inprcator Carps SHOwING THE INFLUENCE oF Pump TIMING ON THE 
RATE oF COMBUSTION 


Pumpihimine jas escecawicaels ea 58 deg — FF 53 deg. 
Gare Son Pe ee es, a b c d a c d 

NOSE DO chactersr cis edo ticne re ate evi (et ster = 12-1 12-1 12-1 12-1 12-1 12-1 12-1 12-1 
(On) Bai tigagen teeicrg 25 -A cts OMnnoreT oe 4 4 4 4 4 4 4 
Sneed TPM: seccacnae eae em ee 1100 925 629 725 1060 944 774 640 
Beamilondvibacenets a ae 197 207 195 190 186.5 201 200 197 
Revi pers lpvotetuelits cen verse. « 3514 3516 3568 3441 3483 3466 3478 3530 
Exhaust-gas temp, F.............. 1200 1100 1000 1020 1280 1170 1100 1020 
Jacket-water temp, F............ 138 139 120 145 140 142 140 136 
Bxhatist condition. o.....:7-.-.-- I Haze Haze L.H. LH. LH. LH. 

Ten honey ere el serene nee: Ss 50/50 Self Self S$! 8 Self Self 

Ramin ge NOC KS er eisiet es keeles ens ener ele Ping Ping matte 33 Ping H.P. 

Indicator-spring scale, lb perin.... 300 300 300 300 300 300 300 300 
Magneto timing, deg............-- 15 15 15 15 10 10 10 10 
Manifold vacuum, in. Hg........- 1.187 1 0.625 0.687 1.125 1 0.687 0.562 


I = invisible; 8 = spark; L.H. = light haze; L.P. = light ping; H.P. = heavy ping. 


1 Occasional miss. 
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Fic. 22 Inpicator Carps TAKEN ON THE A-C O1L ENGrIne at Various Loaps 
Gate ceei Sus athe see ars *, a b c d e tf Pe Oard hot ote ce Cae Semaee a b c da e 9g 
Dee WOira et ata pant « kin 13-1 13-1 13-1 13-1 138-1 13-1 13-1 Exhaust condition............ I I ij I I I I 
Cyl iis. cos abie tease 6 6 6 6 6 6 By RENIIOR sis |. 45 cee eae 8 Ss sats ye: std ey eS 
Speed, rpm............ 1040 1075 1081 1125 1145 1160 470 Indicator-spring scale, lb perin. 300 300 300 300 300 300 80 
Beam load, lb......... 296.5 254 204.5 116.6 56 Idle Idle Pump timing, deg............. 60 60 60 60 60 60 60 
Rev. per 2 lb of fuel... 2366 2778 3240 4345 5641 7502 9466 Magneto timing, deg.......... 12 12 12 12 12 12 12 
Exhaust-gas temp, F... 1360 1410 1410 1460 1460 1360 800 Manifold vacuum, in. Hg...... 1.375 4 6.625 12.125 16.375 20 21.75 


Jacket-water temp, F.. 154 146 140 150 142 142 174 


I = invisible; S = spark. 


Nore: When these cards were taken the injection pump was fitted with a special cam to give an increased rate of fuel discharge, see Fig. 18. 
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Fie. 23 Wax-Sprine Inpicator Carps TAKEN ON THE A-C O1n Eneine aT VARIOUS SPEEDS AND WIDE-OPEN THROTTLE 
0. \ a0 EAE Se ary Sy Si aestee a b c d e Card oxi anie ne sitiee ao erieminiaes a b c d e 
BOSD 110.» or Gonten Bee res apse ie 14 14 14 14 14 Exhaust condition.............. I I I 8.S s 
Cyider HG... oe occ pet 1 11 1 1 a Air temp Fos cee cree ene 82 86 82 80 82 
BEBO TVW! vic ctdisvien cae pee 1050 905 770 602 450  Indicator-spring scale, lb per in. . 16 16 16 16 16 
Beam load, Ib eke. cen res: 295 302.2 309.5 309.5 302.3 Pump timing, deg.............. 60 60 60 60 60 
Rév..per 2 1bifuele ov ..cacnuouee 2407 2518 2534 2553 2563 Magneto timing, deg............ 12 12 12 12 12 
Exhaust-gas temp, F............ 1280 1220 1125 1010 875 Manifold vacuum, in. Hg....... Ls 1.125 40.75 0.5 0.3125 
Jacket-water temp, F............ 138 136 138 135 138 
I = invisible; 5.8. = slight smoke; S = smoke. 
|/ 
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Fig. 24 Fuxi-Loap InpicatoR Carps TAKEN ON THE A-C Ort EnGinn Durine a TorauE-Curvn Run 
Oarde eee ok hosts oR a b c d e Card ccs xiencseogth sina ciate arom re atin ne a b ¢c d e 
BS de oR nee Seren Sei 14 14 14 14 14 Indicator-spring scale, lb per in... .. 100 100 100 100 100 
Cylitter HG. os asc. es ee ie ; 1 1 1 1 1 Pump: timing, dems ts cuc. oc. ceases 60 60 60 60 60 
Spoesd rpms anise ss. oka cee ‘ 1051 908 750 612 456 Magneto timing, deg.............. 12 12 12 12 12 
Beam lond: Ips. 5sc) 62.6 6k: 292.4 300 307 311.5 301 Manifold vacuum, in, Hg.......... 1.375 1.0625 0.75 0.4375 0.3125 
Rev. per? lb fvel..552s Gewese» 2504 2537 2538 2540 2549 Barometric pressure, in. Hg......... 29.55 29.55 29.55 29.55 29.55 
Exhaust-gas temp, F........... 1290 1240 1130 1020 900 Air tempéenaturec. Ska cnh one aceon 86 86 84 78 82 
Jacket-water temp, F.......... 138 152 140 138 146 Indicated mep, lb per sqin......... 108 Lio 2 110 108 
Exhaust condition............ I I I 5.5. Ss Corrected indicated mep, lb per sqin.¢ 112 114 «115 133 112 
DRUMMAGE Saeco os bao eas 65 50/50 50/50 50/50 Self Self Correction factor: ..05. - essa 6s an 1.087, 1.037 1.086 1.03 22034 


2 Corrected to a barometric pressure of 29.92 in. Hg, and 60 F. 
I = invisible; S.S. = slight smoke; S = smoke. 
Norte: When these cards were taken the injection pump was fitted with a special cam to give an increased rate of fuel discharge, see Fig. 18: 
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Fie. 25 Funt-Loap PrRFoRMANCE CuRVES OF THE A-C OIL 
Eneine Equiprep Wirs Fan, Atk CLeanpr,SWATER Pumps, AND 
LieHTING GENERATOR 
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Fia. 26 Correcrep Funtt-Loap PHRFORMANCE CURVES OF THE A-C 
Ow Eneine Equipepep Wits Fan, AiR CLEANER, WATER Pumps, AND 
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A Review of Existing Psychrometric Data in 


Relation to Practical Engineering Problems 


By W. H. CARRIER,! NEWARK, N. J., anp C. O. MACKEY,? ITHACA, N. Y. 


The authors review and correlate available psychro- 
metric data, and discuss the application of these data to en- 
gineering problems. They analyze and correlate existing 
data with reference to deviations of observed wet-bulb 
temperatures from those of true adiabatic saturation. 
The paper also includes a tabulation of revised psychro- 
metric values in accordance with the latest physical data 
with correction factors for all normal variations of baro- 
metric pressures. The authors make an analysis and give 
a demonstration of the proper method of employing 
the psychrometric heat function previously defined as the 
“total heat less the heat of the liquid,” and afterward 
referred to in psychrometry as ‘“‘total heat.’’ For this 
function the authors offer the term “sigma function,” 
to distinguish it from the enthalpy or true total heat which 
includes the heat of the liquid. 


N VIEW of the present wide employment of psychrometric 
data in various fields, and particularly in the field of air 
conditioning, and also in view of the fact that there have 

been numerous questions raised as to the limits of accuracy of 
existing data, it seems opportune to review and correlate, as far 
as possible, the past research in this field and to discuss the ap- 
plication of these data to engineering problems. 


OBJECTIVES OF PAPER 


First Objective. The analysis and correlation of existing data 


1Chairman of the Board, Carrier Engineering Corporation. 
Mem. A.S.M.E. Mr. Carrier was graduated from Cornell University 
in 1901 and upon graduation accepted the position of research engi- 
neer with the Buffalo Forge Company. Five years later he became 
chief engineer. As the science of air conditioning developed under 
his guidance he saw the necessity for a separate organization and 
accordingly the Carrier Engineering Corporation was formed in 1915. 
Mr. Carrier is a member of the American Society of Heating and Ven- 
tilating Engineers and a past-president of the American Society of 
Refrigerating Engineers. He is the author of various scientific 
papers, among them a paper entitled ‘‘Rational Psychrometric For- 
mulae’”’ presenting the theory and practical data on which the art of 
air conditioning has been founded and in recognition of which he was 
elected to Sigma Kiin1914. Mr. Carrier was awarded the A.S.M.E. 
Medal in 1934 for his work in air conditioning. 

2 Professor of Heat-Power Engineering, Cornell University. Pro- 
fessor Mackey was graduated from Cornell in 1926 with the degree of 
M.E. and for the next two years served as instructor of experi- 
mental engineering at the University. He then was made assistant 
professor of heat-power engineering and this year received a full pro- 
fessorship. He is the author of articles on psychrometric principles 
for the American Society of Heating and Ventilating Engineers and 
the American Society of Refrigerating Engineers. He is a member 
of the scientific fraternities Sigma Xi and Tau Beta Pi. 

Contributed by the Heat Transfer Committee of the Process 
Industries Division and presented at the Annual Meeting of THe 
AMERICAN Socirry oF MECHANICAL ENGINEERS, held in New York, 
N. Y., November 30 to December 4, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 10, 1937, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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with reference to deviations of observed wet-bulb temperatures 
from those of true adiabatic saturation. 

Second Objective. Presentation of a tabulation of revised 
psychrometric values in accordance with the latest physical data 
with correction factors for all normal variations of barometric 
pressures. The purpose of this is to permit the ready use of 
standard psychrometric data or charts for any other barometric 
pressure without involved calculations. The latter is a device 
that has long been needed and is of .particular value in accurate 
calculation of test data. 

Third Objective. An analysis and a demonstration of the 
proper method of employing the important and useful psychro- 
metric heat function, previously defined by Carrier in 1911 (1),? 
as the “total heat less the heat of the liquid,” and afterward re- 
ferred toin psychrometry as “total heat.” For this function will 
now be offered the term, the “‘sigma function” to distinguish it 
from the enthalpy or true total heat which includes the heat of the 
liquid. 


DEVIATION OF OssERVED Wert-BuLB TEMPERATURE FRoM 
TEMPERATURE OF ADIABATIC SATURATION 


In the past 25 years, most of the engineering calculations 
involving humidity in air have been based on the psychrometric 
chart presented in 1911 by Carrier (1). The values given 
were based, not primarily, as many assume, on observed wet-bulb 
temperatures with a sling psychrometer, but on calculated values of 
adiabatic saturation. The paper (1) showed that experimentally 
the two values were in close agreement. However, test data 
presented in the original paper (1) in 1911 indicated two sources 
of deviation of the wet-bulb temperature from the temperature 
of adiabatic saturation. The first was the radiation factor which 
was indicated by the difference between the reading of an un- 
shielded wet bulb and a wet bulb completely shielded from radia- 
tion, and the second was the difference between the reading of a 
radiation-shielded wet bulb and the observed temperature of 
adiabatic saturation, where the radiation-shielded wet bulb ap- 
parently gave the lower reading of the two. In view of the theory 
advanced, the latter variation was, however, thought at the time, 
to be due to an apparatus error. 

Later observations conducted by Arnold (2) and by Dropkin 
(3) have shown the latter assumption to be incorrect and that it 
is not only possible, but in accordance with physical laws that 
the latter variation should exist. However, these two sources of 
deviation are in opposite directions tending to neutralize each 
other, and it has been proved that there is a definite air velocity 
where there is exact agreement between the wet bulb (not shielded 
from radiation) and the actual temperature of adiabatic satura- 
tion. Carrier’s 1911 experiments (1) would indicate this velocity 
to be about 2000fpm. Dropkin’s test (3) would indicate it to be 
slightly over 1000 fpm. Arnold (2) would fix this velocity at 
about 500 fpm. Computations from his theory give a still 
lower value as shown in Appendix 1. The authors’ present 
correlation would indicate it to be at an intermediate velocity 


3 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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probably in the neighborhood of 800 to 900 fpm. Assuming the 
velocity of air over a sling psychrometer to be between 1000 and 
1500 fpm, the present correlation, as shown in Fig. 1 and Ap- 
pendix 2, would give the deviation of the wet-bulb depression as 
approximately —0.005. In other words, to the observed tem- 
perature of the wet-bulb thermometer there should be added 
approximately 0.5 per cent of the wet-bulb depression to obtain 
the true temperature of adiabatic saturation for use in the 
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homogeneity of most normal atmospheres. It is for this reason 
that it has been the general practice heretofore, to employ the 
psychrometric chart, even in connection with direct psychbromet- 
ric observations. Although more recent data and theory change 
the supposed variation from plus to minus, the actual discrep- 
ancy is probably no greater than that previously assumed. 

Fig. 1 gives the correlation of four independent investigations 
of the percentage deviation of the wet-bulb depression from that 


corresponding to the true temperature of adiabatic 
vf saturation for different velocities, and also indi- 


|_| cates the probable percentage of radiation error. 
A full discussion of the data employed and the 
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t method of their correlation are given in Appendix 
2. Here also will be found discussion of the 
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are available for further research of these im- 


portant relationships. Attention should be called 


to the fact that for extremely accurate determi- 


nations, the present data are not in sufficient 


agreement to be wholly trustworthy nor have 
they been sufficiently explored for wide variations 


in wet-bulb temperatures; hence, the present cor- 
relation is only claimed to be tentative. These 


data, however, are probably as accurate as is the 
present assumed value of 0.24 for specific heat of 


air, which is possibly in error as much as plus or 


minus 0.5 per cent. Complete psychrometric re- 
search will not only determine the relation of the 


| wet-bulb temperature to the temperature of 
adiabatic saturation and to the moisture content 


of the air, but will also, perhaps, provide the 


most reliable method for evaluating the specific 


heat of air. 
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ARNOLD THEORY 


psychrometric chart or tables. Arnold’s theory and data, given 
in Appendix 1, would indicate a greater variation, but actually 
he did not observe the temperature of adiabatic saturation, but 
calculated it, while Dropkin made direct observations of this tem- 
perature. 

In any event, it appears that the best criterion to be employed 
in psychrometric measurements and the preparation of psy- 
chrometric charts and data, is the temperature of adiabatic 
saturation, because: (1) It is independent of velocity and has 
an exact physical basis, while the wet-bulb temperature differs 
from it slightly by amounts varying with velocity. (2) The 
relation between wet-bulb temperature and that of adiabatic 
saturation is a basic ratio in Arnold’s theory which is the most 
satisfactory theory so far advanced and which appears to be 
sound in principle. (3) The exact deviations of the wet-bulb 
temperature still remain to be determined experimentally. (4) 
In air-conditioning practice, psychrometric observations are of 
quite secondary importance to the thermal calculations for 
which the present type of chart is ideally suited. 

Moreover, except for exact research work, the error in sub- 
stituting the adiabatic-saturation temperature for the observed 
wet-bulb temperature is negligible, being, generally, a smaller 
error than that probable in commercial thermometry. For 
example, in a 20-F observed depression, the deviation probably 
lies between —0.1 F and 0.2 F which would require the em- 
ployment of thermometers of extreme precision. In fact, the 
deviation is less than the variation between two successive ac- 
curate thermometer readings, because of the lack of perfect 


PRESENT RATIONAL PSYCHROMETRIC THEORY 


The close experimental agreement of the ob- 
served wet-bulb temperature with the tempera- 
ture of adiabatic saturation is, as stated by 
Lewis (4) in discussion of the Arnold theory, largely fortui- 
tous, ie., it holds approximately true for the water-air 
combination. If an atmosphere were chosen having a somewhat 
lower molecular weight, as illuminating gas for example, it would 
hold still more exactly. With combinations of evaporating 
fluids and atmosphere having wide differences in molecular 
weights, and therefore in diffusivities, there has been proved by 
Arnold to be a pronounced discrepancy between the tempera- 
ture of adiabatic saturation and the wet-bulb temperature. 

There were previously two theories extant. The first was 
that there was a film of saturated air at the temperature of 
adiabatic saturation surrounding the wet bulb or at the surface 
of the evaporating liquid. This, at high velocities, was me- 
chanically distributed in constant relative proportions into the 
surrounding air and the result was in accord with the simple law 
of mixtures. The second, and opposing theory, was that of 
Regnault and Maxwell who analyzed the process primarily in 
accordance with the laws of molecular diffusion, which they as- 
sumed to be the controlling process. Carrier arrived at the 
former theory independently through experimental data ob- 
tained in air-conditioning and drying processes, and also by com- 
paring the calculated temperature of adiabatic saturation with 
the wet-bulb temperatures given in psychrometric tables of the 
U.S. Weather Bureau. 

Carrier and Lindsay (5) recognized the force of the diffusion 
theory, but in view of the results of Lindsay’s experiments, they 
considered the process of adiabatic saturation to be a limiting 
case. In other words, the wet-bulb temperature could reach 
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that of adiabatic saturation but could not go below it. Later 
observations have shown these data and the assumptions based 
thereon, to be in error. Dropkin, employing the experimental 
equipment of Carrier and Lindsay, obtained definitely higher 
adiabatic saturation temperatures. This discrepancy can be 
attributed to an inadvertent defect in the equipment as used by 
Carrier and Lindsay. The supply pipe providing the water to 
wet the boundary surface had become plugged with dirt so that 
the process was not adiabatic as assumed. Dropkin corrected 
this instrumental error and thus obtained different results. Ar- 
nold approached the problem from a different angle, using vapors 
of far lower diffusivity than water vapor, and correlated the 
deviations observed in a most ingenious and apparently satis- 
factory manner. His theory is a combination of the diffusion 
theory with the adiabatic saturation or mechanical mixture 
theory. 

In the evaporative process there are apparently two zones 
having different temperature and moisture gradients. The first 
zone is that next to the liquid having purely nonturbulent or 
laminar flow; the second and outer zone is that in which there 
is primarily turbulent flow. In the first zone, molecular diffu- 
sion controls; in the second zone, mechanical mixture predomi- 
nates. To give a homely analogy of this effect, assume that a 
crowd of people are swarming from the street to an elevator sys- 
tem and that a similar crowd are swarming from the elevator in 
the opposite direction, to the street. The area through which 
they are passing from the street to the elevator, at their own 
speed of locomotion, represents the diffusion zone, while the 
conveyance in the elevator is purely mechanical and the rate of 
transportation is not affected by their personal activities. The 
elevator system corresponds to the second zone of mechanical 
mixture. If, to complete the analogy, we assume that the 
swarming crowd consists of two classes of people, one class being 
heavier and slower and the other class being lighter and more 
active, then it is obvious that the rate of progression on the 
street level will be more rapid for the lighter people than for the 
heavier people, while in the elevator the rate of progression will 
be identical. This gives an almost perfect analogy of what hap- 
pens in the evaporative process. If we still further assume that 
the total numbers of the crowds ascending and descending are the 
same but that in the crowd ascending there is a much larger 
percentage of the small active people than there is in the crowd 
descending, we will complete the analogy. However, in the 
case of the evaporation from the wet bulb there is the limiting and 
controlling factor that the two processes, one producing an in- 
flow of heat and the other an outflow of heat must be equal in 
effect, as is the case in adiabatic saturation. Since that portion 
of the air film actually in contact with the water surface is 
saturated at the temperature of the water film, and since the 
effect of difference in diffusion between air and water vapor is 
apparently small, relative to the effect of the combined diffusion 
and mixing process, the actual error in the assumption of equiva- 
lence of the wet-bulb and adiabatic saturation temperature is 
small and commercially insignificant, except possibly at high wet- 
bulb temperatures. 


Contact-Mrxturg ANALOGY 


From the foregoing considerations there may be deduced an 
approximate empirical relationship based on contact and subse- 
quent mechanical mixture. This analogy is most successfully 
employed in problems involving the heating and cooling of air 
and also to the evaporation and condensation of water vapor in 
connection with this process. ‘This merits special attention be- 
cause of the facility with which all problems of this character 
can be correlated and solved with a minimum of experimental 
data, to a satisfactory degree of exactitude for engineering pur- 
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poses. A more detailed discussion of this valuable analogy is 
given in an accompanying paper by W. H. Carrier (11). 


THERMAL Properties or Moist Air AND BARoMETRIC CoRREC- 
TIONS 


In view of the most recently accepted data on the properties of 
water vapor at low temperatures and the specific heat of air, it 
seemed desirable to prepare an exact tabulation of the psychro- 
metric and thermal properties of moist air based on these data. 

The properties of water vapor are based on the latest steam 
tables of Keenan and Keyes, about to be published, which are 
somewhat changed, at low temperature, from the older tables pub- 
lished by Keenan, but are more nearly in accord with the corre- 
lated values employed in Carrier’s psychrometric chart 1911 (1) 
and with Goodenough’s values. 

In previous psychrometric charts by Carrier and tables by 
Goodenough, Swann’s values for the specific heat of air were em- 
ployed. More recent investigations by other methods seem to 
indicate that these were slightly too high. Although it is known 
that specific heat is not constant, the differences between the 
experimental values of the specific heat at constant pressure of 
dry air, as given by the International Critical Tables, are as great 
as the changes with temperature, at least within the range of tem- 
peratures important in air conditioning. Consequently a value 
of 0.240 is employed in the present data. This value is nearly 1 
per cent lower than that previously employed. The degree of 
accuracy does not compare with the accuracy of the properties of 
water vapor, and these tables will require revision when more 
accurate specific-heat values are available. The specific heat of 
water vapor varies with the vapor pressure and the degree of 
superheat. For wet-bulb temperatures below 100 F and for 
normal degrees of superheat, it can be taken as 0.45 without caus- 
ing appreciable error in psychrometric calculations. For higher 
wet-bulb temperatures, other values should be employed. It 
will be noted that the present values differ slightly from previous 
values, largely owing to the accepted change in specific heat of 
air. The present psychrometric charts can hardly be read with 
sufficient accuracy to distinguish the difference. For more ac- 
curate work, however, such as is required for test codes, the 
values given in the present tabulation should be employed. 

The tabulation given in Table 1 is arranged to give the vapor 
pressure, the grains of moisture and the sigma function (i.e., 
the efithalpy of the mixture minus the enthalpy of the liquid), per 
pound of dry air. It also gives the grains of moisture to be sub- 
tracted from these values for each 10 F depression and, by inter- 
polation, for any depression. As the latter relation is nearly a 
straight-line function, interpolation is easy and extremely exact. 

This table gives all the data required for any psychrometric 
determination or calculation at standard barometric pressure ex- 
cept the correction for the enthalpy of the liquid in cooling or 
heating air, i.c., when there is a change in the sigma function. 
The latter correction is easily calculated, but for convenience Fig. 
2 is given which permits reading the correction directly for any 
initial moisture content and for any change in wet-bulb tem- 
perature. The sigma function is, as in previous tables, a con- 
stant for any temperature of adiabatic saturation or approxi- 
mately for any wet-bulb temperature. Except for the changes 
in constants, the same formulas are employed as in the original 
psychrometric charts. These are correct for temperatures of 
adiabatic saturation regardless of slight deviations of wet-bulb 
temperatures from the temperatures of adiabatic saturation. 

In this paper the following symbols are employed: 

it = dry-bulb temperature, F 

t’ = temperature of adiabatic saturation or corrected wet- 
bulb temperature, F. For convenience it will be referred 
to as ‘“wet-bulb temperature” 
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vapor pressure, in. Hg 
= vapor pressure corresponding to the temperature of 
adiabatic saturation 

12 = barometric pressure, in. Hg 

W = weight of moisture per pound of dry air 

W’ = weight of moisture per pound of dry air when saturated 

at a temperature corresponding to temperature of adia- 

batic saturation ¢’ 

change in moisture content corresponding to the change 

in some other psychrometric quantity such as dry-bulb 

temperature or the barometric pressure 

z = the psychrometric heat function which we will term 
“sioma function” and which is a constant for a given 
wet-bulb temperature. It is the enthalpy of the mix- 
ture minus the enthalpy of the liquid 

A= = the change in sigma function corresponding to any 
change in some other psychrometric factor 

AH, = a change in the enthalpy of the liquid per pound of dry 


air 

r = latent heat of water vapor 

Cz = approximately 0.240 = specific heat of air at constant 
pressure 


Cp = approximately 0.45 = specific heat of water vapor at 
constant pressure 
Ss = specific weight of water vapor 
density of water vapor 


density of dry air at same pressure and temperature 


To determine the change in moisture content AW correspond- 
ing to a change in wet-bulb depression, we proceed as follows: 
The basic psychrometric formula is 


(W' — W) r’ = (Cpa + WCoe) (t — t’) = (0.240 + 0.45 W) 
¢—?')....f1] 


where W = lb of moisture per lb of dry air. 
We may derive from Equation [1] 


_ (1680 + 0.45 W') (t —t’) 


{cme 
Rare r’ + 0.45 (t — t’) 


where W = grains of moisture per lb of dry air. These values 
are given in Table 1. 

For an increase in barometric pressure AP in relation to a 
standard pressure, Po, used in preparing the tables, and for a 
given value of ¢’ and (¢ — ?#’), the following relations may be 
derived 


= 
AW’ = a ST. [3] 
1 a iz, 4 
AP 
Was AW = —W" 
ins 0.45 (t — 2’) 1 E “ | 
rl 0.45 (t — t’ AP 
1 4 
FP 
.. [4] 
or approximately 
AW’ 
AW = poop eens [5] 
1 fee 
1 2300 
and 
eles at AEP 2 ee [6] 
7000 Po—e’ 
Ih Ge na 7000 


Table 2 may be used to correct the values of W’, Wo, and 
Yo, found in Table 1 for a total pressure of 29.92 in. Hg abs, to any 
given total pressure. 

The following example illustrates the use of Tables 1 and 2. 
Assume standard barometric conditions (Po = 29.92 in. Hg), 
and let it be required to find the specific humidity and the sigma 
function of the air at an observed dry-bulb temperature of 90 F 
and an observed wet-bulb temperature of 69.9 F with the air 
velocity over the bulb approximately 1200 fpm. The probable 
correction to the wet-bulb temperature is 20(0.005) = +0.1 F, 
so the temperature of adiabatic saturation is 69.9 + 0.1 = 70 F. 
From Table 1 the specific humidity W’ for saturation at 70 F, is 
110.3 grains per lb of dry air, and = = 33.40 Btu per lb of dry air. 
The value of (W’ — W) for a depression of 20 F is 32.5 grains; 
therefore, W = 110.3 — 32.5 = 77.8 grains per lb of dry air. 
Now, assume the same readings were observed at a barometric 
pressure of 28.37 in. Hg. The corresponding barometric correc- 


fe) 20 40 60 80 100 120 140 160 180 200 220 240 260 
W,=GRAINS OF MOISTURE PER LB.OF DRY AIR AT t,ANDU, OR INITIAL STATE OF AIR 


Fie. 2 CHanees In Ersaupy (AH7) or THE Liquip PER PouUND oF 
Dry Atk CORRESPONDING TO CHANGES IN TEMPERATURES OF ADIA- 
BATIC SATURATION 
(Equation: Ai = Hy = (21 — Ze) + (W:/7000) (t1’ — tr’) = (21 — 22) + 
AHf where Hi = initial enthalpy of mixture of dry air and water vapor, and 
Hy = final enthalpy of dry air, water vapor, and condensate.) 


tion is AP = —1.55 in. Hg. Then, from the equations, or ap- 
proximately, by interpolation from Table 2, AW’ = + 6.2, 
and W’ = 110.3 + 6.2 = 116.5 grains per lb of dry air; AW = 
+6.1, and W = 77.8 + 6.1 = 83.9 grains per Ib of dry air; 
AZ = 0.93, and = = 33.40 + 0.93 = 34.33 Btu per lb of dry air. 


THE PracticaL VALUE OF THE 2 FUNCTION 


A great deal of confusion has been caused in the past in the 
calculation of changes in heat content of air as well as errors 
in the use of existing data by Carrier’s unfortunate terminology, 
“total heat” and the labeling of the psychrometric curve of the 
sigma function as ‘‘total heat.’”” Reference to the original paper 
(1) would have, of course, cleared up this misunderstanding. 
The opening reference to this in the text states: 

“Total-Heat Curve. This curve shows the sensible heat in 
the air above a base temperature of 0 F, plus the latent heat con- 
tained in the water vapor at saturation, but not including the heat 
of the liquid. Since the wet-bulb temperature, or adiabatic 
lines contain all points having the same total heat (neglecting 
the heat of the liquid), the curve serves to determine the total 
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heat in the air under any and all conditions represented by the 
chart.” This term ‘total heat,’’ should, of course, not have been 
used, even with the explanation because it already had a very 
definite meaning as employed in tables of the properties of vapors 
and did include the heat of the liquid. 

In that text, the example following this statement, however, 
is defective since it does not include the change in the heat of the 
liquid. However, the necessity of including this in exact cal- 
culations was appreciated. This was brought out in the closure 
when referring to the discussion by Gunn (6), wherein it is stated: 

“Mr. Gunn emphasizes the necessity of taking into account 
the heat of the liquid when dehumidifying air by means of a 
cold-water spray or in heating. This has not been taken into 
account in the total-heat curve for a very good reason. It always 
has to be calculated independently, because invariably the con- 
densed moisture will be carried through a different range from 
the air. The heat of the liquid, however, is but a small percent- 
age of the total heat so that only a small percentage correction is 
necessary.” 

This, perhaps is not an adequate explanation for this omission. 
In the first place, a line of constant temperature of adiabatic 
saturation on the psychrometric chart is not a line of constant 
enthalpy. A property of the mixture that does remain exactly 
constant for a constant temperature of adiabatic saturation is 
that property designated by the symbol = in the author’s 1911 
paper (1), and defined as 


Dae 


0.24¢ + BL [r’ + 0.45 (t—t’)] 


z= 0.241’ = 
3 7000 7000 


where = = Btu per lb of dry air; t = dry-bulb temperature, F; 
t’ = temperature of adiabatic saturation, F; r’ = latent heat of 
the vapor at ¢t’, Btu per lb; W’ = specific humidity for satura- 
tion at ¢’, grains per lb of dry air; and W = actual specific hu- 
midity, grains per lb of dry air. 

In other words, the > function is equal to the true enthalpy 
of the mixture minus the enthalpy of the liquid at the tempera- 
ture of adiabatic saturation. The lines of constant 2 on the psy- 
chrometric chart connect all those states of the mixture for 
which the temperature of adiabatic saturation is the same. 
They also represent the adiabatic process of humidification with 
the liquid supplied at the temperature of adiabatic saturation. 
The observed wet-bulb temperature may be corrected, if neces- 
sary, by the amount indicated elsewhere in this paper, to give 
the temperature of adiabatic saturation. Then, with the tem- 
perature of adiabatic saturation and the total pressure known, 
the function may readily be obtained. 

In calculating the heat supplied during heating processes or 
the heat removed during cooling processes, the = function may 
be used provided a correction is made for the noninclusion of the 
enthalpy of the liquid. For example, the heat added per pound 
of dry air in a heating and humidifying process is 


W2— W; 
— ho h = hrs 
a Soka si ( 7000 ) he 
Be i) 
S| “a Ufo ty 
tel) ma amberniiass 78 
W W, 
=2,—2 4 (t! eS — 
: oO ®) 7000 taf) 


where ¢; is the temperature of the water supplied for humidifying, 
and the primed temperatures are those of adiabatic saturation 
(wet-bulb temperature). 

For cooling and dehumidifying process, the quantity of heat 
removed per pound of dry air is 


= 


(i; — ts) (t'2 — ts) 


7000 
where ¢s is the temperature at which the condensate is removed 
from the surface. 

For precise calculations based upon the use of psychrometric 
tables, the principal objection to the use of the true enthalpy of 
the mixture is that this enthalpy changes with dry-bulb tem- 
peratures at constant temperature of adiabatic saturation (or 
wet bulb). Therefore, the tables must include values for the 
enthalpy of the mixture at all degrees of partial saturation. Illus- 
trations of the use of the > function as contrasted with the use of 
enthalpy follow: 

Tn all of the examples which follow, the wet-bulb temperature 
will be assumed equal to the temperature of adiabatic saturation. 

Example No.1. Air at a dry bulb of 95 F, a wet bulb of 75 F, 
and a total pressure of 29.92 in. Hg abs is cooled toa saturated 
state at 45 F; the condensate is removed at 45 F. Required: the 
quantity of heat removed in Btu per lb of dry air. 

(a) Using the = function: 2, = 37.71; 
32.8 = 98.4; D2 = 17.54; and therefore 


Wi, = Lies = 


98.4 
S87 Te ee eee 
Qe Bs cee se eat ae 


= 20.17 + 0.42 = 20.59 Btu per lb of dry air. Fig. 2 
has been prepared to assist in making this calculation. In this 
chart, Wi (4:’ — ts’) is plotted against W, for different values of 
t,’ — to’. For the example cited, enter the chart at W, = 98.4, 
go vertically to t;’ — to’ = 30, and read 0.42, which is the amount 
to be added to the difference in the © function to get the heat re- 
moved. The tables and this chart eliminate slide-rule work from 
this calculation and substitute the simplest arithmetic, addition 
and subtraction. 

(b) Using enthalpy: The enthalpy of a partially saturated 
mixture is not precisely equal to the enthalpy of a mixture satu- 
rated at the same wet bulb. The variation of enthalpy with dry 
bulb at a constant wet bulb of 75 F for standard barometer is 


t’ t ty H IO wal > 
75 75 0 38.52 0.00 37.71 
75 85 10 38.41 0.11 37.71 
75 95 20 38.31 0.21 37.71 
75 105 30 38.21 0.31 37.71 
75 115 40 38.12 0.40 37.71 


so that H; = 38.31; Wi = 98.4; H,. = 17.62; We. = 44.1; and 
therefore 


(98.4 — 44.1) 


17.62 (13) = 20.69 — 0.10 
7000 


Q, = 38.31 
= 20.59 


The same result is secured, of course, with either method of 
correct calculation. The advantage of the © function is that 
the extra tabular values for conditions of partial saturation are 
eliminated. Such enthalpy tables are not practical, and any 
engineer who wishes to use the enthalpy method might better 
calculate the enthalpy from the fundamental relation, H = 0.24t 
+ Wh,/7000. ‘The extra work of correcting the = differences due 
to noninclusion of the enthalpy of the liquid just about balances 
the extra work required to correct the enthalpy differences for the 
enthalpy of the condensate. 

Example No.2. Saturated air at 80 F and standard barometric 
pressure is cooled to a saturated state at 60 F; the condensate is 
removed at 60 F. Required: the quantity of heat removed in Btu 
per pound of dry air. 


PROCESS INDUSTRIES 


20 


PRO-59-1 39 


THE 2 Function BELow THE FREEZING PoINtT 


There has been considerable controversy 


regarding the so-called “total heat’”’ curve when 
extended below 32 F. This has risen from a 


/ misunderstanding of the definition or inter- 


/ pretation of total heat as formerly used. This 


total-heat curve, as explicitly stated by Car- 


rier, excluded the enthalpy of the liquid. For 


this important psychrometric property we now 


propose the term “the sigma function” or 
“sigma” to distinguish it from  total-heat 


content or enthalpy. This is defined in the 


original paper (1) as the sensible heat in the 


BTU PER LB ORY AIR 


air above base temperature of 0 F plus the latent 


heat contained in the water vapor at saturation. 


Others have assumed that the so-called total- 


heat curve did or should contain the heat of 
{aaa the liquid. This, as we have shown is not 


al desirable in psychrometric calculations. Fig. 


3 gives the correct curve for the sigma func- 


tion of air for temperatures of adiabatic 


1 saturation between 0 and 100 F. This, as 


2O- 
30 32° 40° s0° 
TEMP OF ADIABATIC SATURATION 


Fie. 3 ComMPARISON OF THE Sigma FUNCTION AND ENTHALPY 
Arr-Vapor MixtTuRrEs 


(a) Using the © function: 2, = 42.51; 22 = 26.10;] Mi 
(th’ — th’) 


= 0.45 (from chart); and therefore 
7000 


Q, = 42.51 — 26.10 + 0.45 = 16.86 


(6) Using enthalpies: H, = 43.58 (calculated from for- 


mula); Hz; = 26.41; Wi = 155.6; W2 = 77.3; enthalpy of the 
condensate = Leper? (60 — 32); and therefore 
7000 
(155.6 — 77.3) 
= 43.58 — 26.41 — 0 32 
pone? 7000 6 ) 


= 17.17 — 0.31 = 16.86 


Example No. 3. Air at a dry bulb of 95 F, a wet bulb of 65 F, 
and a total pressure of 29.92 in. Hg abs is cooled to a saturated 
state at 45 F; the condensate is removed at 45 F. Required: 
the quantity of heat removed in Btu per pound of dry air. 

t,’ — tp’ 
(a) Using = function: 2, = 29.56; 22. = 17.54; Wi oe 
= 0.13 (from chart); and therefore 

Q, = 29.56 — 17.54 + 0.13 = 12.15 


(b) Using the enthalpies: H, = 29.77; H, = 17.62; Wi = 
44.2; W, = 44.1; and therefore 


(44.2 — 44.1) 
7000 


Some will be interested in the liberties that may be taken with 
these exact solutions. For example, if the © function be used, 
what error is introduced by ignoring the correction for non- 
inclusion of the enthalpy of the liquid? If the enthalpy tables be 
used, what error is introduced by the double neglect of the 
variation of enthalpy at constant wet bulb and also of the en- 
thalpy of the condensate? These errors are indicated as follows: 


Q, = 29.77 — 17.62 — (13) = 12.15 


Example Correct value for 
no. heat removed Di — 22 Hi,’ — Hz 
} 20.59 20.17 20.90 
2 16.86 16.41 ibe ibe? 
3 12.15 12.02 12.38 


60° 70° 80° 


FOR SATURATED 


=| will be noted, is a discontinuous curve at 32 F. 
Above 32 F it is given for the evaporation 
over water and below 32 F, for evaporation 
over ice. The enthalpy curve for the mix- 
ture is, however, a continuous curve. The 
sigma curve for values above 32 F can be ex- 
trapolated as a continuous curve for temperatures below 32 F 
which represent evaporation from subcooled water. Both 
of these conditions can actually be secured in practice 
although this can best be illustrated by observing the action of a 
wet bulb in an air current in a room in which the wet-bulb tem- 
perature is below 32 F, as for example in an egg cold-storage 
room. 


90° 100° 
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SPECIFIC HUMIDITY, GRAINS PER LB OF DRY AIR 
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20 2i 22 23 24 25 26 27 28 29 30 3 


TEMPERATURE, DEG. F 


32 33 34 «35 «36«637) «(O38 


Fia. 4 Comparison oF ADIABATIC-SATURATION (WeET-BULB) 
TEMPERATURES Over Ick WitH THosrt OvER WATER 


After dipping the wet bulb in water slightly above 32 F and 
exposing it to air motion, the reading will drop rapidly and con- 
tinuously to a minimum temperature below 32 F. This mini- 
mum temperature occurs without freezing the water on the bulb. 
Suddenly after reaching this minimum temperature, the reading 
will jump abruptly back to 32 F where it will remain for some 
length of time, until the water on the wick has completely frozen, 
then it will gradully fall to a second minimum where it will re- 
main permanently until the ice on the bulb is evaporated. The 
second wet-bulb reading, where evaporation occurs over ice, 


40 


will be either higher than the previous reading, or lower, or the 
same, depending upon the degree of humidity. For example, 
in an egg cold-storage room with a wet-bulb temperature of 28 F 
and relative humidity between 85 and 90 per cent, the second wet- 
bulb reading will be higher than the first, while at 50 per cent 
relative humidity, for example, and the same wet-bulb tempera- 
ture, the second reading will be lower than the first. At 32 F, 
the wet-bulb reading over ice is always lower than the wet-bulb 
reading over water. These variations of wet-bulb depressions 
whether the wick is still wet or frozen, are due, first, to the change 
of sigma value which is greater for ice than for water, and second, 
the opposing effect of lower vapor pressures over ice below 32 F 
as compared with those of subcooled water. The 
variations in wet-bulb depressions over water and over ice 
in the region below 32 F are illustrated graphically in 
Fig. 4. 

It is interesting to note that below 32 F, air may be 
actually saturated at two different temperatures; the 


first being the saturation condition over ice and the 
second, the saturation condition over subcooled water. e 
If air is cooled and humidified at the same time, it is pos- 14 


sible to approach saturation at a vapor pressure above 16 
that over ice. The air is clear and will not fog but it is 17 
not a stable condition as a contact with any object in 19 
the room will produce condensation or frosting. Air 20 
saturated over ice will produce a wet-bulb depression 21 


with a sling pyschrometer if the reading is taken before 33 
the ice freezes on the bulb. These are all very interest- ae 
ing and instructive phenomena in this region below A 
freezing. oe 


The argument has been offered that the enthalpy of satu- 
rated or partially saturated air forms a continuous curve 30 
and not a discontinuous curve. This statement is as cor- 32 
rect for enthalpy of moist air as it is for enthalpy of water 
vapor, but the sigma function does not form a continuous 
curve. The reason for this is that the abrupt change in 
sigma is exactly counterbalanced by a corresponding abrupt 
negative change in the enthalpy of the liquid. The real 
cause for the abrupt change in the latent heat of the 
vapor at 32 F is the sudden change in slope in the vapor- 


iF 
—40 


pressure curve that occurs at this point, as shown in Fig. =30 
4. Referring to this figure, it will be seen that there is —20 
necessarily quite a different slope (dp/dT) for the two pres- eS 
sure curves at this point, but the vapor pressures are iden- — 5 
tical; the specific weights of the paper are identical and 0 
the specific volume of the vapor is identical, therefore, in d 
the Clapeyron equation, which must of necessity be ther- : 
modynamically valid, we find the latent heats to be in 5 
direct proportion to the slope. If these slopes are correctly s 
calculated, the difference in their ratio will correspond to 3 
144 Btu per lb, or exactly the latent heat of ice. 

A study of the interesting psychrometric phenomena in + 
the region below 32 F emphasizes again the psychrometric Fs 
significance of the sigma function. It is certain that wet- 14 
bulb readings, below 32 F have approximately the same a8 
relationship to the temperature of adiabatic saturation as ! 
they do above 32 F. Since the error is a function of the 19 
depression and the depression below 32 F is necessarily 20 
small, an error in the assumption that the wet-bulb tem- oy 
perature over ice is the same as the temperature of adia- 23 
batic saturation over ice, is a negligible error in compari- an 
son with the accuracy of observation. Therefore, the 28 
authors believe that the calculated values of adiabatic 28 
saturation can be used with confidence as equivalent to 23 
wet-bulb temperature for psychrometric readings in this 30 
region. A tabulation of the thermal and psychrometric 32 


TABLE 3 
IN. HG) FOR VARIOUS ADIABATIC-SATURATION (WET-BULB) TEM- 
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properties at standard barometric pressures of air below 32 F is 
given in Table 4. 

Table 5 gives the corrections in specific humidity and sigma 
below 32 F for differences in barometric pressure. 


CoNcLUSIONS 


1 The temperature of adiabatic saturation is a most im- 
portant criterion as well as a most useful function in psychromet- 
ric tables and engineering calculations. 

2 The observed wet-bulb reading at higher velocities are 
below the temperature of adiabatic saturation rather than above 
as previously assumed. The credit for this determination and 


PROPERTIES OF MOIST AIR AT STANDARD BAR. (29.92 


PERATURES t’ AND DRY-BULB TEMPERATURES t 


(Vapor pressures are those of subcooled water) 
———_ W’ — W ekg? | tot —t’ 


e” Ww’ Zz 2F 4F 6F 10F 12F 14F 16F 
0.0706 10.3 4.00 3.1 6.2 9.3 30 
0.0739 10.8 4.31 3.1 6.2 9.3 ae 
0.0773 11.3 4.63 3.1 6.2 9.3 Ae 
0.0809 11.8 4.95 3.1 6.2 9.3 RA 
0.0846 12.3 5.27 3.1 6.2 9.3 = 
0.0884 12.9 5.60 3.1 6.2 9.3 12.4 
0.0923 13.5 5.93 3.1 6.2 9.3 12.4 
0.0964 14.1 6.26 3.1 6.2 9.3 12.4 
0-1006 14.7 6.60 3°51 6:2 9.3° IT2,4 
0.1050 15.3 6.94 3.1 6.2 9.3 12.4 
0.1096 16.0 7.28 373 16.2) O73" 12,4 915-5 pe 
0.1144 16.7 7.62 3.1 6.2 9.3 12.4 15.5 ih 
O.T1949 17.4 — 7597 3.0 6.2) 5988" 1272 1575 ma 
0.1245 18.2 8.33 3.1 6.2 9.3 12.5 15.6 Fr 4h 
0.1298 19.0 8.69 3.1 6.2 9.4 12.5 15.6 18.7 ; 
0.1353 19.8 9.05 3.1 6.3 9.4 12.5 15.6 18.7 an 
0.1410 20:6 9.41 3.1 6.3 9.4 12.5 15.6 18.7 On 
0.1470 21.5 9.79 3.1 6.3 9.4 12.5 15.6 18.7 28 
0.15382 22.4 10.17 3.1 6.3 9.4 12.5 15.6 18.7 21.8 
0.1597 23.3 10.55 3.1 6.3 9.4 12.5 15.6 18.7 21.8 
0.1663 24.3 10.94 3.1 6.3 9.4 12.5 15.6 18.8 21.9 ave 
0.1732 25.3 11.33 3.1 6.3 9.4 12.5 15.6 18.8 21.9 25.00 
0.1803 26.4 11.738 3.1 6.3 9.4 12.5 15.7 18.8 21.9 25.00 


TABLE 4 PROPERTIES OF MOIST AIR AT STANDARD BAR, (29.92 IN, 
HG) FOR VARIOUS ADIABATIC-SATURATION (WET-BULB) TEMPERA- 


TURES t/ AND DRY-BULB TEMPERATURES t 


(Vapor pressures are those of ice) 
W’ — W corresponding to t — t/————_.. 
Cee San 


e WwW’ z= Doe? he 4 10F 12F 14F 
0.0039 0.55 —9.50 ie a 

0.0052 0.75 —8.27 Bis ae 

0.0070 1.02 —7.02 ae ne 

0.0094 1.37 —65.76 Ra ct 

0.0126 1.84 —4.48 1.38 .. 

0.0167 2.44 —3.17 1.38 2.75 

0.0220 3.22 —1.84 1.38 2.75 

0.0289 4.21 —0.47 1.38 2.75 

O50377, 0 249) e120 96) lias 2:3 crore 

0.0397 5.8 Del Ae OM O la Ore 

0.0419 6.1 U00) 4e F520. Oiler cae 

0.0441 6.4 Dk TAS 228 sec Oeo) | ness 

0.0464 6.7 Dike A 2). San aD menor 

0.0488 ~ 7.1 Deka LEA EZ TONGy tees: 

0.0514 7.5 Dit) VAT 28 ab OMe 

0.0542 7.9 Gio apples PIES | SAS 5s 

0.0570 8.3 3.46 1:4" 2.78) 5.5) 823 

0.0599 8.7 Se, Via Be28) 26-51 8823 

0.0629 9.1 3.299) 14) §258° (S2b08Se3 he : 

0.0661 9.6 4.31 1.4 2.8 5.5 8.3 AS : 

0.0695 10.1 AOL RI a Ee 2S) Se Odie Re +0 ' 

0.0730 10.6 4.97 1.4 2.8 6.6) 8.3 ct oh 

0.0767 11.2 SLOL, dea 2eS | (Ono .o. tO ae 

0.0806 11.8 5eB5) V1 s45 2085 O25 Ses we teO at 

0.0847 12.4 D905 164) 285 96.10) Sessa tO es 

0.0889 13.1 O234t 1a 2.5" OND Sco. a UNO oe 

0.0933 13.7 6,60) Ase | 2585 web: (S03) 10 ae 

0.0979 14.4 (2.00) 1549 258" —b5b) S50) lO” lors 

0.1028 15.0 Voth wie 1208) bbe Sr du) 1.0 lans 0 me 
0.1078 15.7 ito) oe let W208" (6, Oe Sco Lim Lone 46 56 
0.1131 16.5 SiGe 145 (258) vO bee Sed LO i528 er oe 
0.1186 17.3 3,04 “1-4 258) (626° "S20 1120) 1338) 16.6 ee 
0.1243 18.2 8.02 14 2.8 (656°48.3 11/0 1373) 1656 a 
0.1303 19.0 D320 1.4 2.8 | S1be Sade LO. 1S 3 26.6 ie 
0.1366 19.9 9.71 Ll4 2.8 6.5 8-3 1170 13-8 1656" 1973 
0.1432 20.9 10:17 1:4 2.8 525:98.35 110913585 16.6 tose 
0.1500 21.9 10.57) “P54 278 “GE Sis TIT T3838 eos 6 e198 
0.1571 23.0 10.98 1.4 2.8 65.6 8.3 11.1 13.8 16.6 19.3 
0.1645 24.1 11.39 PA 22.8) “65S eestor al 1S Selon see ane 
0.1723 25.2 1L.83° 9124 2.8 «5.5 “8539 11.1) 18.8 T6éh7) 10.8 
0.1803 26.4 12-27 1.4 258 6.5 8 3511-1) 1878) 1627) 1954 
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TABLE 5 ADDITIVE CORRECTIONS TO STANDARD TABULAR VALUES OF W’, W, AND 2 FOR 
DEVIATIONS IN BAROMETRIC PRESSURE FROM 29.92 IN. HG 


(Vapor pressures are those of ice) 


4P =+1 APS = —*1 AP = — 72 
ote BAW; Az AW Az AW Az 
—40 -—0.00 0.00 0.01 0.00 0.04 0.01 
—35 —0.01 0.00 0.02 0.00 0.05 0.01 
—30 —0.03 ~—0.01 0.03 -—0.01 0.08 0.01 
—25 -0.04 -—0.01 0.04 -—0.01 0.11 0.02 
—20 -—0.06 -0.01 0.06 -—0.01 0.15 0.02 
-15 —0.08 -0.02 0.08 -0.01 0.20 0.03 
—10 —0.11 -—0.02 0.11 -0.02 0.24 0.04 
— 56 —0.14 —-0.02 0.14 —-0.02 0.31 0.05 

Om —O 717 <—0..03" 10.17, 0.03 0.37 0.07 
1 —0.2 —() 1035ia8 OZ 0.04 0.4 0.07 
PH Ua —0.03 0.2 0.04 0.4 0.08 
3 =-0.2 —0.03 0.2 0.04 0.5 0.08 
4 -—0.2 —0.04 0.2 0.04 0.5 0.09 
5 —0.2 —0.04 0.2 0.04 0.5 0.09 
6 —0.2 —0.04 0.3 0.05 0.5 0.09 
Ce —=O050 —0.04 0.3 0.05 0.6 0.10 
8 —0.3 =—0505 0.3 OFObRS 0560990). '10 
oO 3 —0.05 0.3 0.05 0.6 0.11 
10 —0.3 —0.05 0.3 O05 Oe een Onl 
i 128} —0.05 0.3 OL057. O27 (0,12 
12°03 —0.06 0.4 0106 (ON e013. 
13 —0.3 —0.06 0.4 0.06 0.8 0.13 
14 —0.4 —0.06 0.4 0.07 O.8 0.14 
15 —0.4 —0.07 O.4 0.07 O.8 0.15 
16 —0.4 —O.07 © 104 0.07 O.9 0.15 
L75 —0°4 —0.07 0.4 0.08 0.9 0.16 
185 —0. 4 —0.08 0.5 O20S8 at Ome O. 7 
195 O56 —0.08 0.5 O09 LO 0F1s: 
20) —055 —0.08 0.5 0709) Lob 10.19 
21055: —0.09 0.5 OmOF selh 02:20 
22 —0)50' —0.09 0.6 One 12S On21 
23 —0.6 —0°10) 056 OrLO weacze On22 
24 —0.6 =0,10 0.6 0.11 1.3 0.23 
25 —0.6 (ei! Gey 0.11 14 0.24 
265 —0.:7; = Of Lilien Olr7i 0.12 1.4 0.25 
Zi Oe =O. 12> OF7 0.13 1.5 0.26 
Mey lene OLE ORS Ors, el 6a Oneal 
29 —0.8 —0.13 0.8 O44 127. 10:28 
30 —0.8 —0.14 0.8 OMe et 0230 
31 —0.8 —0.14) 059 O16; a1:8. 7 Or3z 
32) —0°9 —0.15 0.9 0.18 79’) 0%838 


Nore: These corrections are approximately true 


the rationalization of the underlying theory belongs to Arnold. 
His contribution not only clarifies the phenomena of the wet-bulb 
temperature and correlates it with the temperature of adiabatic 
saturation, but also is most valuable in predicting and inter- 
preting the results obtained in heat transmission with moist 
air. 

3 While the observed wet-bulb temperatures, under cer- 
tain conditions, may be lower than the temperature of adia- 
batic saturation, the present accepted deviation is less than pre- 
viously assumed. This is fully confirmed by the data of both 
Arnold and Dropkin, with water evaporating into air. The best 
method of employing psychrometric charts or tables, is to make a 
correction of the wet-bulb temperature corresponding to the 
velocity to obtain the true temperature of adiabatic saturation 
and then to determine the psychrometric values from the latter 
temperature. This is due to the fact that the correction varies 
somewhat with the velocity while the temperature of adiabatic 
saturation is a constant. For extremely accurate results, it is 
important to measure the velocity at which the wet-bulb tem- 
perature reading is taken. 

4 The difference between the enthalpy of the mixture and 
that of the liquid, i.e., the sigma function, is more useful and 
practicable in thermal calculations than the enthalpy alone. 
Enthalpy cannot be employed without complete tabulation of 
enthalpies for all percentages of saturation or use of an enthalpy 
chart. In addition, a correction has to be made for the enthalpy 
of the condensate. By employing the sigma function, a single 
table or curve may be employed for the saturated vapor which 
will apply to all wet-bulb temperatures and needs only to be 
corrected for the change in enthalpy of the liquid to give the 
true difference in enthalpy. 

5 Below the freezing point, air may have two states of satura- 


AP =—3 AP =—4 AP = —5 AP =—'6 
AW Az AW Az AW Az AW Az 
0.07 0.01 0.09 0.02 0.11 0.02 0.14 0.02 
0.08 0.01 0.12 0.02 0.15 0.03 0.19 0.03 
0.11 0.02 0.16 0.03 0.20 0.04 0.26 0.05 
0.17 0.03 0.21 0.04 0.27 0.05 0.35 0.06 
0.23 0.04 0.28 0.05 0.37 0.06 0.46 0.08 
0.31 0.05 0.38 0.07 0.49 0.08 0.61 0.11 
0.40 0.06 0.50 0.09 0.65 0.11 0.81 0.14 
0.50 0.08 0.65 0.11 0.85 0.15 1.06 0.18 
0.60 O.11 0.84 0.15 1.10 0.19 1°38 0.22 
O56) (OFT 0.95 05165 Wl 0,20 et 4a 0n 23 
OFF 10.12" “029° O287* “12” OF2 Tee 4 0L 25 
On” (OAS IO} OR1TS N52) 0122 eee O26 
0.8 0:33 1205 (0218 “153. :07235 186.0028 
0.8" 0314 SE O19) 81540 O22 eae 029 
0.3) (015 Se 2 07208 A O22 hale Sa Onot 
09 “OMGS IZ OFZ 15. OL26ret So 0po2 
0.9 0:16" T3e .0F28 ~~ 16: “Or282 20034 
LO (Ons LE45~ 02245 1.7), (020m 2a ORS 7, 
1/0 (0513 154 0525) 1785 0 30umoe Snood 
LL» XO) 10 ie bri0).26" Ik.O) Ons ameo es ae OPAL 
Ld, 0320 IG 0227. 20.5 OP SSC Ore. 4i 
12) ORL alee ncOln eo, te ORS OEmEZ a amen OF AG 
D2 OE22a9 SLeS (0730) 2 25 Oz SSaeces ae OO 
1.3: (00235 01.8) 0582023 0.40 Seon OmmmORo 
LAY VOR22 7 LI0 0283 1255) OL ASieos te 10,54 
1.5 0.26) 2270.5 0035 22. e JOc45 mse om OND 
LIS" ONZE 25 07369 258. (Or Asemronnee ew OLOL 
1.6 0.28 ~222 05885 3530) .0;bieeasave 9064 
Lit 20729099 2235 NOr408 (S51 Or poem ors O6G7. 
1.8 0.380 2.4 0.42 3.2 0.56 4,0 -70 
1:8 0.32) "256" 0.44 43745 01595 $412 0.73: 
M9) 1038) 27 ORAT Sc be) OG 2am e Om Ony 

ZI0) WO.80) et Seen ec oeie ONO l mm. mmme lO aes L 
2.1 0.3% 68:30 (07525 3.9" (026899459) 0.86 
2.2 _ 10.300 37) S O2649 “2510 SOR orca OOO 
2.3 0.41 3.2 0.57 4.3 O.75 5.4 0.94 
2.6 0.48 3.4 0.59 4.5 0.78 5.6 0.98 
2.6. (0-450 3. Ole O62 p 4 OLS Zee DEO 1.03 
20? | (Oise Teee te my OCs (450) SORE b aaa) 1.07 
2.8 0.49 3.9 0.68 S12 0:89 6.4 1.12 
350.) O262 95451) BuO 70" 53390202" 6x7. ARR Ye 


when vapor pressures are those of subcooled water. 


tion—that over water and that over ice. ‘Two different wet-bulb 
temperatures may be observed for the same moisture content, 
depending upon whether the water on the bulb remains liquid or is 
frozen. In this the wet-bulb reading follows the laws of adiabatic 
saturation. 

6 The empirical contact-mixture theory can be applied most 
advantageously in the solution of all problems of heating, cooling, 
evaporation and condensation with a mixture of air and water 
vapor under forced convection. 


Appendix 1 


Tue ARNOLD THEORY 


When a wet-bulb thermometer is placed in a stream of gas 
which is in turbulent motion, there is a layer of gas near the 
thermometer in laminar or viscous motion. At greater distances 
from the thermometer, the type of motion changes from laminar 
to turbulent, and beyond this the motion is entirely turbulent. 
The convection theory applied to the wet-bulb hygrometer by 
August assumes that a film of saturated gas surrounds the wet 
bulb and that the transfer of heat and vapor occurs by convec- 
tion; the resistance to these processes in the laminar film is 
neglected. The diffusion theory proposed by Maxwell assumes 
that the transfer of heat and vapor is limited by the speed of the 
molecular processes of conduction and diffusion and that resist- 
ance to transfer of heat and vapor external to the laminar film is 
negligible. Each of these theories represents a limiting condi- 
tion; the August theory probably holds very well at high veloci- 
ties of the gas, while the Maxwell theory is adequate at zero gas 
velocity, only, however, if there is no transfer of heat by radiation 
to the liquid on the bulb. Neither theory completely describes 
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the phenomena that actually exist at common velocities, such 
as those involved when a sling psychrometer is used. 

Dr. Arnold (2) has applied the Prandtl analogy between 
heat transfer and friction and developed a more complete theory 
that combines the resistances, both to transfer of heat and vapor, 
of the laminar and turbulent zones. According to this theory, 
the coefficient of heat transfer is given by 


(@) 
= eee {1] 


7 Gy 1— 7 
“ene 
k r 


the coefficient of heat transfer; 


where h, = k = the specific 


C 
thermal conductivity of the gas-vapor mixture; - = the Prandtl 


number for the gas; By = the equivalent thickness of an as- 
sumed laminar layer in resisting flow of heat; and r = the ratio 
of the fluid velocity at the boundary between the laminar and 
turbulent layers to the average velocity of the main fluid stream. 

A similar theory applied to the transfer of vapor gives the 
following expression for the coefficient of vapor transfer 


where f, = the coefficient of vapor transfer; D = the coefficient 
of vapor diffusion, p the density of the gas; yw = the absolute 
viscosity of the gas; M, = the molecular weight of the gas; and 
Bp = the equivalent thickness of an assumed laminar layer in 
resisting the transfer of vapor. 

Many of the equations written for the wet-bulb hygrometer 
are of the following form 


e’ —e 
Pitt) 7 gears Ovi Aik, hea an 5 [3] 
where e’ = the saturation pressure of the vapor at the wet-bulb 
temperature; e = the partial pressure of the vapor in the mixture; 
P = the total pressure of the mixture; ¢ = the dry-bulb tem- 
perature; and ¢/ = the wet-bulb temperature. By experi- 
mental observation of these five factors, A may be found. 

However, the Arnold theory may be completed to predict 
the value of A. The liquid on the wet bulb attains a steady tem- 
perature as a consequence of the equilibrium that exists between 
the rate of heat transfer from the gas to the liquid and the rate 
at which heat is utilized in evaporating that liquid. If radiation 
is ignored, then 


where My = the molecular weight of the liquid, and r’ = the 


latent heat of vaporization of the liquid at the wet-bulb tempera- 
ture. 


A complete equation is obtained by combining Equations [1], 


[2], and [4], so that 
l—r 
By M,c | + 
D a e + x ) 


Tirade eet {5] 
G 1— 
By My’ a + ") 


A’ 


If there is any radiation to the wet bulb, A is greater than A’, 
and this effect can be included in the theory, since 


Anar(t +) Mean aoe aa ciot jar [6} 
° 


where h, = the coefficient of heat transfer by radiation, andh, = 
the coefficient of heat transfer by convection as given in Equation 
{1]. 

The value of A predicted by this theory is 


Dr. Arnold assumed that By = Bp, in other words, that the 
equivalent thickness of the laminar layer in resisting the trans- 
fer of heat is the same as the equivalent thickness of this hypo- 
thetical laminar layer resisting the transfer of vapor, and his 
final equation for the wet-bulb hygrometer is 


a 1—r 
Clare mic(& + i deat) 
P(t—t’) wa(E a = 
k r 


Tue Process ofr ADIABATIC SATURATION 


In the process of adiabatic saturation of a gas-vapor mixture a 
liquid is supplied to a saturator, and the mixture of gas and vapor 
becomes saturated during the flow through the saturator with no 
external transfer of heat. The principle of conservation of 
energy, when applied to such a process, will predict the tempera- 
ture of adiabatic saturation tf. If there is no appreciable change 
in elevation or velocity of the fluids, no external supply or removal 
of heat or mechanical energy, and if the liquid is supplied at the 
temperature of adiabatic saturation, the energy balance has 
been shown by Carrier (1) and others to give the following equa- 
tion 


€2 é 

P—e P—e M,C 
ee “Mn [9] 

2 v /2 

where e2 = the saturation pressure of the vapor at t2 
e =the partial pressure of the vapor in the original 
mixture 
P = the total pressure of the mixture 
t = the initial dry-bulb temperature 
f = the temperature of adiabatic saturation 


M, = the molecular weight of the gas 
-M, = the molecular weight of the vapor 
C =the humid specific heat of the mixture 
r, = the latent heat of vaporization of the liquid at t. 


For values of e and e, small in comparison with P, this equa- 
tion may also be written, in approximate form, as 


€2— € 


jee ae 


Since e2 and r, depend only upon &, the temperature of adia- 
batic saturation is given for any mixture of known initial condi- 
tion. This temperature is fixed, regardless of the relative rates 
of transfer of heat and vapor, as long as the mixture is adiabati- 
cally saturated. The energy balance, alone, will not fix the 
terminal state of the mixture for incomplete saturation, however. 

The Wet-Bulb Temperature and the Temperature of Adiabatic 
Saturation. A comparison of Equations {3], [7], and [10] 
shows that the wet-bulb temperature ¢’ will equal the tempera- 
ture of adiabatic saturation when 
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be l—r 

Bp D™ T h, 

By Cae Ge, (1 +7) =O se Aenea {11] 
oo 


If we follow the Arnold theory to the last step and assume 


Bp = By, then t’ = t when 
a ap 
lle. osm A 
Cu i; h, FI ee Oey {12] 
aaeats 
k r 


To simplify the discussion that follows, let 


and 
= i, 


For a given liquid-gas system the value of EF is determined 
principally by the velocity of the gas past the wet bulb. At 


1 7e 
zero velocity, the value of is zero, and # becomes equal to 


CoD’ or the ratio of thermal diffusivity to vapor diffusivity, 

Pp 

which is the result predicted by the Maxwell theory. Fora given 

system r is inversely proportional (7), approximately, to the one- 
tar 


eighth power of the velocity and at infinite velocities 
ifs 


becomes infinitely large and H = 1, which is the result predicted 
by the August theory. At all intermediate velocities, the resist- 
ance of the laminar film to the transfer of heat and vapor de- 
creases more rapidly than the resistance offered by the turbulent 
zone when the velocity increases. : The value of the correction 
for the radiation effect / depends primarily upon the wet-bulb 
temperature and the gas velocity. At constant velocity, F 
increases as the wet-bulb temperature increases; at constant wet- 
bulb temperature, F decreases as the velocity increases and ap- 
proaches unity at very high velocities. Therefore, for any gas- 
vapor system having values of # less than one, since F is unity or 
higher there may be some combination of velocity and wet-bulb 
temperature giving a product HF equal to one. In other words, 
there may be some one velocity at a given wet-bulb temperature 
where the wet-bulb temperature and the temperature of adia- 
batic saturation will be identical. 

The Wet-Bulb Hygrometer for Water-Air Miztures. The 
various properties of the air and water vapor, necessary in apply- 
ing the previous general theory to this particular mixture, 
change slightly with changes in temperature, but for air-condi- 
tioning calculations it will be sufficiently accurate to take these 
properties at one temperature, say 60 F. The following values 
will be used in the calculations: 


0.075 lb per cu ft = 0.00233 slugs per cu ft 

0.242 Btu per lb per deg F = 7.8 Btu per slug per deg F 
3.74 (10 — 7) lb sec per sq ft 

0.014 Btu ft per hr per sq ft per deg F 

3.9 (10) —* Btu ft per sec per sq ft per deg F 

0.00026 sq ft per sec 


= 0.000215 sq ft per sec 


eE QD 
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The assumed diameter of the thermometer is d = 
Reynolds’ number will then be 


0.02 ft, and 


where V = the air velocity, fpm. 
The coefficient of heat transfer by radiation for the case of a 
wet-bulb thermometer in a relatively large enclosure has been 


ONS 
shown (8) to be h, = 4 (p) (0.00172) (=) where h, = the 


coefficient of heat transfer by radiation, Btu per hr per sq ft per 
deg F; p = the emissivity of the surface; and 7’ = the wet-bulb 
temperature, F abs. 

Using p = 0.9 for the water-covered surface 


hy NY, 
= 0.0062 { 


Values of h, are given in Table A1 for several different wet-bulb 
temperatures. 
TABLE Al THE COEFFICIENT OF HEAT TRANSFER BY 
RADIATION 


Wet-bulb temperature, j hr 
F Btu per hr per sq ft per deg F 


40 0.775 
50 0.825 
60 0.875 
70 0.925 
80 0.980 


Ulsamer (9) and McAdams (10) have correlated the results of 
King, Hughes, Reiher, and others for the coefficient of heat trans- 
fer for the flow of air normal to single cylinders. Between values 
of Reynolds’ number of 10 and 40,000, these results may pe very 
closely fitted by the following empirical equation 


0.52 
hdl _ 0.48 ea 
k M 


For the assumed properties of air and the thermometer diame- 
ter, this equation becomes 


h, = 0.49V0-8 


Values ‘of h, are given in Table A2 for several different veloci- 
ties. 
TABLE A2 CUO EGR OF HEAT TRANSFER BY CONVEC- 
TION FROM AIR TO THERMOMETER 


Air velocity Coefficient of heat: transfer hg, 


V, fpm Btu per hr per sq ft per deg F 
10000 59.0 
3000 31.0 
2000 25.0 
1000 gine 
500 12.5 
400 11.0 
300 9.5 
200 hae 
100 5.4 
20 2.3 


Dr. Arnold determined the value of the psychrometric coef- 
ficient A by experiments with toluene, chlorobenzene, and xylene 
as the liquids, and then calculated # for each liquid at several 
different velocities. Since the Prandtl number for air and the 
velocity distribution as indicated by r are not materially af- 
fected by the liquid on the wet bulb, a plot of £; for one liquid 
versus H#, for another liquid should be a straight line passing 


: ) The experi- 


k 
through the points (1, 1) an CpD.’ CpD, 


ad 
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mental date for chlorobenzene and xylene verified this theory 
and also gave a velocity scale for the plot, from which it is pos- 
sible to determine the value of # for water at different velocities. 
Such values are given in Table A3. 


TABLE A3 VALUES OF EF FOR WATER 


Air velocity V, fpm E 

10000 0.947 
3000 0.930 
2000 0.923 
1000 0.913 
500 0.905 
400 0.902 
300 0.898 
200 0.892 
100 0.884 
20 0.852 


TABLE A4 RESULTS OF ARNOLD THEORY 


Convection 
Radiation coefficient, 
coefficient, Air Btu per hr 
Wet-bulb ~~‘ Btu per hr velocity, per sq ft per 
temp, per sq ft fpm deg F 
gay hr V hg F E EF 
40 0.775 10000 59.0 1.0131 0.947 0.959 
3000 31.0 1.0250 0.9380 0.953 
2000 25.0 1.0310 0.923 0.952 
1000 Uy Gere 1.0438 0.913 0.953 
500 12.5 1.0620 0.905 0.961 
400 11.0 1.0705 0.902 0.966 
300 9.5 1.0816 0.898 0.971 
200 iad! 1.1006 0.892 0.982 
100 5.4 1.14385 0.884 1.011 
20 2.3 1.3370 0.852 1.139 
50 0.825 10000 59.0 1.0140 0.947 0.960 
3000 31.0 1.0266 0.930 0.955 
2000 25.0 1.0330 0.923 0.953 
1000 iby Er 1.0466 0.913 0.956 
500 12.5 1.0660 0.905 0.965 
400 11.0 1.0750 0.902 0.970 
300 9.5 1.0868 0.898 0.976 
200 Uo 1.1071 0.892 0.988 
100 5.4 1.1528 0.884 1.019 
20 2.3 1.3587 0.852 1.158 
60 0.875 10000 59.0 1.0148 0.947 0.961 
3000 31.0 1.0282 0.930 0.956 
2000 25.0 1.0350 0.923 0.955 
1000 sy dare 1.0494 0.913 0.958 
500 12.5 1.0700 0.905 0.968 
400 11.0 1.0795 0.902 0.974 
300 9.5 1.0921 0.898 0.981 
200 Mets 1.1136 0.892 0.993 
100 5.4 1.1620 0.884 1.027 
20 2.3 1.3804 0.852 1.176 
70 0.925 10000 59.0 1.0157 0.947 0.962 
3000 31.0 1.0298 0.930 0.958 
2000 25.0 1.0370 0.923 0.957 
1000 AEA Ch 1.0523 0.913 0.961 
500 12.5 1.0740 0.905 0.972 
400 170 1.0841 0.902 0.978 
300 9.5 1.0974 0.898 0.985 
200 (hats 1.1201 0.892 0.999 
100 5.4 1.1713 0.884 1.035 
20 2.3 1.4022 0.852 1.195 
80 0.980 10000 59.0 1.0166 0.947 0.963 
3000 31.0 1.0316 0.930 0.959 
2000 25.0 1.0392 0.923 0.959 
1000 aly eer 1.0554 0.913 0.964 
500 12.5 1.0784 0.905 0.976 
400 PAO 1.0891 0.902 0.982 
300 9.5 1.1032 0.898 0.991 
200 did 1.1273 0.892 1.006 
100 5.4 1.1815 0.884 1.044 
20 2.3 1.4261 0.852 1.215 


The complete results of the application of the Arnold theory 
are given in Table A4 for five different wet-bulb temperatures and 


for 10 air velocities at each wet-bulb temperature. In Table A5 
TABLE A5 
Wet-bulb temperature, Velocity of air when t’ = ko, V, 
ie Uy fpm 
40 125 
50 145 
60 167 
70 195 
80 235 


are given the velocities at five different wet-bulb temperatures, 
where application of the Arnold theory predicts an equality of 
wet-bulb and adiabatic-saturation temperatures. 


Appendix 2 
CoRRELATION OF EXPERIMENTAL RESULTS 


Carrier Experiments of 1911. Experiments on the effect of 
radiation upon the reading of a wet-bulb thermometer were 
performed by Carrier and reported in Appendix 1 of the 1911 
paper (1). In these experiments, one wet-bulb thermometer was 
placed in a tube with an evacuated annular space; all surfaces 
of this tube were kept wet. The same air was circulated over 
this wet-bulb thermometer, which was shielded from radiation 
effects, and over an unshielded wet bulb. The differences be- 
tween the readings of these two wet-bulb thermometers were re- 
ported as a percentage of the wet-bulb depression for six differ- 
ent air velocities. 

Carrier-Lindsay Experiments of 1924. The results secured by 
Carrier and Lindsay (8) with the adiabatic saturator described 
in Appendix 3 of their 1924 paper (8) are not presented here, 
since Dropkin’s results (3) with the same apparatus are believed 
to be more accurate. However, the apparatus described in 
Appendix 4 of the same paper (8) gives a good indication of the 
effects of velocity upon the reading of the wet-bulb thermometer, 
since simultaneous observations of wet-bulb depressions at 
like air conditions and different velocities are obtained. 

Dropkin Experiments of 1936. Dropkin (3) observed the devia- 
tion of the wet-bulb temperature from the temperature of adia- 
batic saturation at several different velocities with the adiabatic 
saturator used in the Carrier-Lindsay experiments. Due to im- 
provements in the apparatus, his results are probably more ac- 
curate than the original ones. 

Arnold Experiment of 1988. Arnold secured one experimental 
point for the water-air system. His experiment was performed 
with dry air at one velocity only. The psychrometer was a 
side-arm U-tube; the dried air entered the U-tube through the 
side arm, passed through the U-tube to the annular space be- 
tween the wet-bulb thermometer and the tube wall and left 
through the second side arm. 

In the correlation of the experimental results, Dropkin’s 
results were plotted directly on a coordinate system with air 
velocity as abscissa and wet-bulb temperature at entrance to 
saturator minus wet-bulb temperature at exit from saturator 
divided by entering wet-bulb depression as ordinate. Only 
those results of Dropkin’s with wet-bulb depressions less than 22 
F were used, and the deviations at one velocity for several 
wet-bulb depressions were averaged arithmetically. These 
results are shown in Table A6. 


TABLE A6 


Air velocity, 100 wet-bulb temp—ad-sat, temp 
fpm initial wet-bulb dep. 
2000 —0.88 
1750 —0.74 
1500 —0.69 
1250 —0.66 
1000 +0.19 

750 +1.03 


The results at the higher velocities are probably more reliable 
because they are more consistent. At the lower velocities, dis- 
crepancies between the deviations at two different wet-bulb de- 
pressions and the same velocity are very great. For example, at 
750 fpm, the deviation is —0.14 per cent for a wet-bulb depression 
of 7.16 F, and +1.12 per cent for a wet-bulb depression of 10.72 
F and practically the same wet-bulb temperature. Therefore, 
little faith can be placed in the average result at 750 fpm; there 
is some reason to believe that the lowest experimental devia- 
tion at one velocity may be correct, for any failure to maintain 
completely wetted surfaces will cause high positive deviations 
with the adiabatic saturator. Dropkin (3) also found some 
difficulty in maintaining steady conditions at the low air veloci- 
ties. 
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The next step in the correlation was to place the line repre- 
senting the readings of a wet-bulb thermometer completely 
shielded from radiation upon the coordinate system. A com- 
bination of Equations [8] and [10] in Appendix 1 for the water-air 
system gives 


_ 0622 r' (e! a) 1! (tt 
EF = C, t—1) eal) SaeNeh Sethe [13] 


For the extremely small differences between the wet-bulb 
temperature t’ and the temperature of adiabatic saturation ft, 
Equation [13] may also be written in a much simpler form with 
negligible error. This approximate equation is 


t ty t'’—tb 
EF = Se lc ee ee 14 
i—t’ ui t—t’ 14] 
For the perfectly shielded wet-bulb thermometer, F = 1.0, 
and for this case 
t' — te 
Feel ; 
as t—t’ 
or 
t’/ — 
B itn ] Df Nh Men es eat ea (15] 


The Arnold theory predicts the values of # for water-air 
given in Table A3 of Appendix 1. Arnold’s one experimental 
point, however, at an air velocity of 736 fpm, gives HF = 1.115. 
The equivalent value of H, if Arnold’s radiation factor of 1.174 
be used, is 0.95. This point does not fall on the straight line 
representing a plot of H# for water versus # for toluene passing 
through the points (1, 1) and (2.59, 0.83). Instead, this experi- 
mental point agrees very well with the value of # that might be 
calculated from Dropkin’s results for this air velocity. Because 
of this close agreement, the method used for obtaining HE was 
to draw a straight line through Arnold’s experimental point on 
his plot of EZ for water versus EH for toluene and the point (1, 1). 
The velocity scale obtained by Arnold for his tests with chloro- 
benzene and toluene was then used to find # for water at differ- 
ent velocities with the results shown in Table A7. Plotting those 
results gives the line for the shielded wet-bulb thermometer 
shown in Fig. 1. Quantitatively, these results indicate that, 
at a velocity of 1000 fpm, the shielded wet-bulb thermometer 
reads a temperature 4.9 per cent of the wet-bulb depression 
lower than the true temperature of adiabatic saturation for the 
water-air system. 


TABLE A7 
Wet bulb ‘ati Wet bulb 
Modified ., shielded dot te unshielded 
Air velocity, Arnold, %—#® _ 7 1 (70F) eh ee | 
fpm Ewater t—?t’ F ide 
3000 0.961 —0.039 1.0298 —0.010 
2000 0.957 —0.043 1.0370 —0.008 
1000 0.951 —0.049 1.0523 +0.001 
500 0.947 —0.053 1.0740 +0.017 
400 0.946 —0.054 1.0841 +0.026 
300 0.944 —0.056 1.0974 +0.036 
200 0.942 —0.058 1.1201 +0.055 
100 0.938 —0.062 1.1713 +0.099 
20 0.923 —0.077 1.4022 +1.294 


The line on the graph representing the unshielded wet-bulb 
temperature, as predicted by this modified Arnold theory, may 
then be added by calculating the radiation correction F, and 

i’ —t. 
finding HF = 1+ ; me The calculation of F in Table A8& 
is for a wet-bulb temperature of 70 F. The Arnold theoretical 
results given in Appendix 1 predict equality of the unshielded 


PRO-59-1 45 


wet-bulb temperature and the temperature of adiabatic satura- 
tion at an air velocity past the wet bulb of about 200 fpm at a 
wet bulb of 70 F. The use of Arnold’s experimental point and a 
modified theory predict this equality at an air velocity of about 
1000 fpm. Furthermore, the modified Arnold curve very closely . 
fits the Dropkin experimental points as shown in Fig. 1. 

With the curve representing readings of the shielded wet-bulb 
temperature placed on the original coordinate system, Carrier’s 
results of 1911 which compared readings of an unshielded and a 
shielded wet-bulb thermometer at different air velocities may be 
added. ‘These six experimental points are also shown in Fig. 1. 

It should be noted that the product HF, which equals 


gg ea 


adiabatic saturator, like those of Dropkin’s, or by experiments 


rey may be obtained directly by experiments using an 
like those of Arnold’s, since the psychrometric coefficient A 


C 
Wr (ZF). To predict the reading of a shielded wet-bulb 
fi 


thermometer, from experimental results on an unshielded one, 
involves the calculation of the radiation effect, as given by F. 
If the calculated radiation effect is greater than the actual effect, 
the curve representing readings of the shielded wet bulb will be 
too low, and any points referred to this curve will also be low. 

The Carrier-Lindsay experiments with like air at different 
velocities may also be used to predict the position of the un- 
shielded wet-bulb line shown in Fig. 1. Although the abso- 
lute values of the wet-bulb deviation found in the original ex- 
periment are probably not correct, the shape of the origina] 
curves of wet-bulb deviation versus air velocity should be. An 
empirical equation derived to fit this curve for a wet-bulb tem- 
perature of 70 F is 


equals 


tb 1 7 
5 ie ee 1.023 les 


(V+ 20)0-675 


Hocanc eked 


In order to fix the absolute position of this curve, Dropkin’s 
result at 2000 fpm was assumed to be correct. At this velocity, 
the empirical equation gives +0.61 per cent for the wet-bulb 
deviation while the experimental result is —0.88 per cent; there- 
fore, the empirical equation is corrected to fit this point as 
follows 


em 1 
bit Sa Te | (17) 


~~ (V + 20)0-676 


The deviations of the wet-bulb temperature may be found at 
any air velocity from this equation and plotted as shown in Fig. 
1. The shape of this curve is believed by the authors to be 
nearly correct. Dropkin’s results at the air velocities of 750 and 
1000 fpm are believed to be a trifle high, and the air velocity for 
equality of the wet-bulb temperature and the temperature of 
adiabatic saturation is believed to be between 500 and 600 fpm, 
although more experimental results are needed at these veloci- 
ties to confirm this belief. 

The adiabatic saturator is a satisfactory device for future 
experiments. Some apparatus changes may be necessary to 
secure more consistent results at low velocities. Also, thermo- 
couples may be placed in the jacket of the saturator to check 
up on the assumption of adiabatic conditions. By initially 
saturating the air supplied to the heater at some known dew 
point, the state of the air entering the saturator will be known, 
and more complete data may be obtained in future experiments. 
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Appendix 3 
PROPERTIES OF WATER, Ich, AND STEAM 


The molecular weight of dry air depends upon the composi- 
tion chosen for the mixture of gases called dry air. If the com- 
position of dry air be taken as that given in vol. 1, page 393 of the 
International Critical Tables, the equivalent molecular weight 
of dry air is 28.966. If water vapor obeyed the gas laws, the 
ratio of the density of water vapor to that of dry air at any com- 
mon pressure and temperature would be 18.016 + 28.966 or 
0.6220. 

In Table A8 this ratio of densities for saturated steam is shown 
as calculated from the Goodenough, Keenan, and Keenan and 
Keyes steam tables. 


TABLE AS SPECIFIC WEIGHTS OF SATURATED STEAM 


density of saturated steam 
density of dry air at same p and¢ 


Specific weight = 


Temperature, 
F Goodenough Keenan Keenan and Keyes 
32 0.62239 0.62145 0.62163 
40 0.62249 0.62147 0.62173 
50 0.62262 0.62160 0.62177 
60 0.62270 0.62167 0.62184 
70 0.62248 0.62176 0.62203 
80 0.62244 0.62192 0.62235 
90 0.62289 0.62209 0.62256 
100 0.62307 0.62238 0.62274 
212 0.63077 0.63069 0.63115 
300 0.64750 0.64910 0.64885 
400 0.68956 0.69153 0.69044 


If the deviations from the gas law, denoted by the difference 
between the specific weight of saturated steam and 0.6220, be 
plotted against pressure on logarithmic cross-section paper, 
a straight line will be found to fit all of the Goodenough data very 
closely. The same straight line will fit the Keenan and Keenan 
and Keyes data very closely at the higher temperatures, but at 


the lower temperatures these deviations become negative. The 
equation of this line fitting the Goodenough data is 
specific weight — 0.6220 = 0.0013 p?73......... {18} 


where p = the pressure of the saturated steam, lb per sq in. abs. 

In the preparation of the psychrometric tables included in 
this paper, the authors used the Keenan and Keyes data through- 
out for consistency, but they believe that these specific weights 
are low, and therefore the specific humidities given in the tables 
for saturated air are probably too low. Any error, however, is 
probably very small. 

It is interesting to note that if two steam tables were thermo- 
dynamically consistent, and if each gave approximately the 
same pressure-temperature relations for the saturated vapor, 
then the sigma function, as calculated from either table would 
be the same. This is true regardless of the differences in the 
values of specific volume or latent heat appearing in the two 
tables. If the tabular values satisfy the familiar Clapeyron equa- 
tion, the table giving the greater volume of the saturated steam 
would also give the greater latent heat; specific humidities cal- 
culated from this table would be lower, and the product of 
specific humidity and latent heat would be exactly the same from 
either table. The contribution from the latent heat of the vapor 
to the sigma function of the mixture of dry air and water vapor 
in Btu per pound of dry air at any temperature and at a total 
pressure of P, lb per sq in. abs, is 


dp 
(adap = ye 
53.3 T (% — %) on 
144 (P-— po, 


778 
where 7’ = the absolute temperature, F; p = the saturation 
pressure, lb per sq in. abs; v, = the specific volume of the satu- 
rated vapor, cu ft per lb; and y = the specific volume of the 
saturated liquid, cu ft per lb. 


The specific volume of the liquid is insignificant in compari- 
son with that of the vapor at the temperatures involved. Conse- 
quently, the contribution of the latent heat to the sigma func- 
tion of the mixture at any temperature depends only on the 
saturation pressure and the instantaneous rate of change of that 
pressure with temperature. 

Although the value of specific humidity will depend upon 
whose steam tables are used in the calculation, the values of 
sigma function are substantially the same when calculated from 
the Keenan and Keyes tables as when found from the Good- 
enough Steam Tables as shown in Table AQ. 

TABLE A9 SIGMA FUNCTIONS CALCULATED FROM 
DIFFERENT STEAM TABLES 


Total pressure = 29.92 in. Hg 
Specific humidity for Sigma function, 


Wet-bulb saturation, grains per lb Btu per lb of dry air 
temperature, Keenan and Keenan and 

F Goodenough Keyes Goodenough Keyes 

32 26.47 26.37 11.73 11.73 
40 36.41 36.34 15.16 15.16 
50 53.47 53.39 20.12 20.13 
60 77.3 77.26 26.09 26.10 
70 110.5 110.3 33.41 33.40 
80 155.8 155.6 42.53 42.51 
90 217.6 217.4 53.99 53.99 
100 301.3 301.0 68.62 68.60 


For the properties of mixtures at temperatures below 32 F, 
the saturation pressures of ice were taken from the new Keenan 
and Keyes tables which give such values down to —40 F. The 
pressure of subcooled water was then calculated from the equa- 
tion given in the International Critical Tables, which is 


Py _ —1.1489 (t — 32) 
iy 459.6 +t 


0.4105 (10) 5 (¢ — 82)? 
= 15658 (10) =8(t—— 32) (1 OF 


log 


where p,, = the pressure of the subcooled water; p; = the pres- 
sure of saturated ice, in the same units as p,,; ¢ = the tempera- 
ture of the subcooled water, F. 

The latent heats of sublimation were also taken from the 
Keenan and Keyes tables. The latent heats of sublimation 
of ice may also be found by the Clapeyron relation, after differ- 
entiating the equation for the saturation pressure of ice given 
in the I.C.T. <A comparison of these latent heats is given in 
Table A10. 


TABLE A10 LATENT HEAT AS FON. OF ICE, BTU PER 


Temperature, F ECL Keenan and Keyes 
32 1215.3 1219.1 
0 1217.3 1220.7 
—10 1218.0 1221.0 
—20 1218.7 1221.2 
—30 1219.5 1221.2 
—40 1220.3 1221.2 


The latent heats of vaporization for the subcooled water were 
found by subtracting from the enthalpy of the saturated vapor, 
given in the Keenan and Keyes tables, the enthalpy of the sub- 
cooled water, calculated from the empirical equation (¢ — 32). 

In preparing the low temperature tables, the Poynting effect 
was ignored. It is known that the pressure of a liquid (or solid) 
in contact with a neutral gas and its own vapor is slightly higher 
than that of the liquid in contact only with its own vapor. This 
effect for water and ice below 32 F is given in the International 
Critical Tables as 


Ap _0.36 
p 4596+¢ 


where Ap = the increase in pressure of water or ice due to the 
presence of air, same units as p; p = the normal vapor pres- 
sure; and¢ = the temperature of the water or ice, F. 

The Poynting effect causes an increase in pressure (and, 
also of specific humidity) of about 0.086 per cent at —40 F, 
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with smaller percentage effects at higher temperatures, and may, 
therefore, be safely ignored. 


BIBLIOGRAPHY 


1 ‘Rational Psychrometric Formulae,” by W. H. Carrier, 
Trans. A.S.M.E., vol. 33, 1911, p. 1005. 

2 ‘The Theory of the Psychrometer,” by J. H. Arnold, Physics, 
vol. 4, July and September, 1933, p. 255 and p. 334. 

3 ‘The Deviation of the Actual Wet-Bulb Temperature From 
the Temperature of Adiabatic Saturation,” by D. Dropkin, Engi- 
neering Experiment Station, Bulletin No. 23, July, 1936, Cornell 
University, Ithaca, N. Y. 

4 “The Evaporation of a Liquid Into a Gas—A Correction,”’ 
by W. K. Lewis, Mechanical Engineering, vol. 55, September, 1935, p. 
567. 


5 “The Temperatures of Evaporation of Water Into Air,” by 


PRO-59-1 47 


W. H. Carrier and D. C. Lindsay, Trans. A.S.M.E., vol. 46, 1924, p. 
739. 

6 Discussion by T. H. Gunn of the paper: ‘‘Rational Psychro- 
metric Formulae,’”’ by W. H. Carrier, Trans. A.S.M.E., vol. 33, 1911, 
p. 1048. 

7 “Bemerkung iiber den Wairmeiibergang im Rohr,” by L. 
Prandtl, Physikalische Zeitschrift, vol. 28, 1928, p. 487. 

8 ‘The Temperatures of Evaporation of Water Into Air,” 
by W. H. Carrier and D. C. Lindsay, Trans. A.S.M.E., vol. 46, 1924, 
p. 766. 

9 ‘Die Warmeabgabe eines Drahtes oder Rohres an einen senk- 
recht zur Achse strémenden Gas- oder Fliissigkeitsstrom,’’ by J. 
Ulsamer, Forschung auf dem Gebiete des Ingenieurwesens, Ausgabe A, 
vol. 3, March and April, 1932, p. 94. 

10 ‘‘Heat Transmission,” by W. H. McAdams, McGraw-Hill 
Book Company, Inc., New York, N. Y., 1933. 

11 ‘The Contact-Mixture Analogy Applied to Heat Transfer With 
Mixtures of Air and Water Vapor,’’ by W. H. Carrier, Trans. 
A.S.M.E., vol. 59, 1937, paper PRO-59-2, p. 49. 


i =i 
> =iy) (ie, | i a us oe cal baa oO) rom 


, ‘ 7 : : : 
p> eis Me a 1? LY tel ty th a ay ae ae Y a . f ; 
ere Wie) heya Dsl Si jure ; i 
‘ jaan 4 7 7 role 7 
. ; re ae wt i einen ro : >= e ' 


U 1 er ¥ ue 

bem eae Gis on 
: ‘ ee Ooh) A ee 

r } ; 

oN) Maer ye i diet 
7 ave ve ole UR j 
WD tel, 
s ' ee iW, 
ay Arne T way 
q's | tah | ne a oat 
| 7 | o serhastigheth eg 


PRO-59-2 


The Contact-Mixture Analogy Applied to 
Heat Transfer With Mixtures of 
Air and Water Vapor 


By W. H. CARRIER,! NEWARK, -N. J. 


The author derives and discusses the general contact- 
mixture formula for representing physical processes of 
heat transmission and fluid friction, and points out that 
the contact-mixture analogy serves directly and logically 
to correlate heat transfer with fluid friction. He com- 
pares the analogy with the conduction-viscosity theory 
and relates why the contact-mixture analogy explains 
all the phenomena connected with gas flow and heat trans- 
mission. 


the time of Reynolds to analyze heat transfer and resist- 

ance to flow of gases by using an analogy to the flow of 
viscous fluids. While this method can be made to give a fairly 
good correlation of the phenomena of heating and frictional 
resistance of gases it is not representative of the actual physical 
process, and it is not easily applied, for example, to condensing 
and evaporating of water vapor into air except by the applica- 
tion of another analogy. The author believes it to be quite in line 
with modern physical thought to state that there can be no such 
thing as shear in a gas and therefore there can be no true vis- 
cosity. Also, probably, there is no true conduction in a gas as in 
a solid but only diffusion of molecules continuously in motion. 
Any gas is made up of molecules having different velocities, i.e., 
different temperatures. The energy of the molecule (i.e., the 
absolute temperature) varies directly as the square root of its 
molecular velocity. Therefore, the average temperature of a gas 
composed of molecules having different molecular velocities is the 
average of the square roots of their respective velocities. Wedo 
not know actually what occurs when a gas contacts with a surface 
at a different temperature. We do know, however, that molecules 
in contact with a hotter surface are heated, i.e., their molecular 


ERETOFORE in literature, it has been customary from 
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velocity is increased and these high-velocity molecules are diffused 
and are mixed with other molecules of the gas which have not 
been so contacted. Whether they retain their identity as high- 
velocity molecules (which is to be doubted) or whether they im- 
part a portion of their surplus energy to the adjoining molecules, 
which do not contact the surface, is immaterial as far as any 
study on heat transmission is concerned. The average of the 
square roots of the velocity, i.e., the total energy is the same 
whether they retain their energy or whether they impart part of 
their increased energy to other molecules. 

In the process of pure heat conduction in gases, there is no 
mechanical mixture or disturbance due to gravitational effect 
(convection) but only intermolecular diffusion, which depends 
upon the various permanent properties of the gas and its transient 
condition. The rate of heat diffusion, however, is found experi- 
mentally, to obey exactly the analogous laws of heat conduction, 
that is, it is directly proportional both to the distance and to the 
temperature difference between two boundaries. In a steady 
state of heat flow, there is a temperature gradient precisely as 
there is a temperature gradient in a solid, although in the first 
case, the temperature gradient is due solely to material trans- 
portation, while in the second case, it is due to the passage of 
heat from one molecule to another. 

These rather obvious and elementary statements are made in 
the preface in order that there may be no misunderstanding of the 
basis on which the problem is approached. 

When a gas is forced to pass over a surface at relatively high 
velocity, as for example, between plates or through a pipe, the 
main stream of air is turbulent above certain critical velocities. 
However, at all velocities there are two nonturbulent films. The 
first, which is probably ultramicroscopic or molecular in thick- 
ness, is necessarily a dense film of adsorbed gas having approxi- 
mately the density of liquid or, as some physicists claim, even 
greater than that of the liquid. This would appear to be a 
rather permanent film. The second, is a film or zone in which 
there is a laminar flow as distinguished from a turbulent flow, 
i.e., all the particles are moving in parallel lines. There is no 
mechanical mixture within this film. Particles pass from the 
surface film through the laminar film only by diffusion and heat 
is conducted only by the process of diffusion, just as though there 
were no motion whatever within the film since the actual motion is 
at right angles to the effective path of molecular diffusion. In 
this film, warmed (contacted) particles pass outward by diffu- 
sion while cold (uncontacted) particles, and also previously con- 
tacted particles, diffuse inward from the outer surface of the 
laminar film to the surface film. There is no sharp demarcation 
between the laminar nonturbulent film and the outer turbulent 
body of air, but a gradual increase of turbulence. However, 
from the standpoint of analysis it is convenient to consider a line 
of sharp demarcation. The thickness of the adsorbed film does 
not change with the velocity. The thickness of the laminar film, 
however, varies directly with the velocity and at a somewhat 
lower rate, i.e., at a fractional power of the velocity. 

There is a definite temperature gradient in this laminar film 
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and there is also what amounts to a temperature gradient in the 
adjacent turbulent film as shown by Arnold? and referred to in a 
paper by Carrier and Mackey.’ 

The author believes this is a correct statement of the actual 
physical processes which exist in relation to heat transfer and to 
frictional resistance to gaseous flow. 

The expression of relationships through the contact-mixture 
analogy or theory, seems to the author to represent much more 
closely the actual physical processes both for heat transmission 
and for friction than does the quite far-fetched conduction-viscos- 
ity analogy. For practical engineering purposes it is also more 
valuable than the latter. The possible exception to this is where 
there is a secondary process of heat transfer in series. Then, 
for a correct solution, it is necessary to employ the resistance 
concept to combine both processes. This transformation, however, 
is readily made as indicated in the (resistance) formula. The 
analysis itself is so simple as to be almost obvious and in fact 
it is a method used (in effect) many years by those employed in 
manufacture of heating and air-conditioning equipment. 

The contact-mixture analogy involves four approximate as- 
sumptions: 

1 That in any heat-transfer system, whether adiabatic or 
nonadiabatic, there is a definite hypothetical surface tempera- 
ture which is approximately that of the actual surface tempera- 
ture and which can be evaluated experimentally. 

2 That certain particles of the air stream come in actual con- 
tact with this surface and are brought to a temperature and a 
moisture content corresponding to that of the surface film. 

3 That for any unit of a heat-transfer system, there is an 
equivalent of a definite percentage of physical contact of the 
particles of the air stream with the actual surface. This varies 
with the conformation of the surface and with the velocity, which 
variation can be determined experimentally. 

4 On the basis of the three previous assumptions, the process 
of heat and moisture transfer may be considered purely one of 
mechanical mixture, i.e., a mixture of a percentage of contact 
air with the remainder of uncontacted air. 

This method nevertheless gives remarkably accurate and 
consistent results when the two hypothetical factors of surface 
temperature and per cent of contact are once evaluated, by 
experiment, for a given type of surface. These same experiments 
have to be made with any type of surface or any system of heat- 
transfer calculations regardless of what theory is applied, there- 
fore, the same experimental work is involved in any case, but the 
simplification of the results of this approximate and empirical 
basis has been found to give not only extremely accurate results 
for all applications, but greatly simplifies all subsequent engi- 
neering calculations through a very wide range of applications. 

It has been applied with success in engineering to (a) heating 
and cooling of air with heat-transfer surfaces where no change 
in moisture content occurs; (b) calculation of adiabatic-satura- 
tion processes involving humidification and evaporative cooling; 
(c) calculation of the performance of cooling towers; (d) caleula- 
tion of the performance of “evaporative condensers” such as 
employed in refrigeration; and (e) calculation of cooling and 
dehumidifying of moist air by contact with cold surfaces, as in 
cooling coils and heat interchangers in air conditioning. It also 
has other practical applications. 

It is further interesting to note that if the constants be deter- 
mined for one of the processes, they can be employed with suf- 
ficient commercial accuracy to predict the result with each of the 


2‘'The Theory of the Psychrometer,”’ by J. H. Arnold, Physics, 
vol. 4, July and September, 1933, p. 255 and p. 334. 

3**A Review of the Existing Psychrometric Data in Relation to 
Practical Engineering Problems,’’ by W. H. Carrier and C. O. 
Mackey, Trans. A.S.M.E., vol. 59, 1937, paper PRO-59-1, p. 33. 


remaining processes. The proof of the accuracy, and therefore 
the value of this correlation, can only be demonstrated by actual 
employment and test of results obtained. This had been done 
with gratifying success. 

In this connection, the common assumption that the evapora- 
tion of water into air is basically proportional to vapor-pressure 
differences, should be contradicted. The process is partly one 
of mechanical mixture and partly one of molecular diffusion. 
The rate of diffusion depends on the relative volumetric propor- 
tions of air and water vapor present in the mixture; in other 
words, upon the relative number of molecules of each in the 
mixture and not upon the vapor pressure. The vapor pressure in 
itself, does not directly cause diffusion as is commonly assumed. 
Indirectly, of course, it is mathematically related solely for the 
reason that the number of molecules present in a mixture is 
proportional to the hypothetical partial pressures and that the 
temperature-pressure relationship of water vapor definitely deter- 
mines the maximum possible pressure of water vapor which can 
exist in a mixture. The vapor pressure itself has nothing to do 
directly with the process of diffusion, as engineers often assume, 
ie., it is not the direct motivating force, although vapor pres- 
sure, partial pressure and molecular diffusion are each the result 
of molecular activity, defined as temperature. This concept is 
important in an understanding of the contact-mixture theory in 
evaporation and condensation. 


DERIVATION OF THE GENERAL Contact-MrxturE ForRMULA 
Assume a fluid passing over a surface S at a constant rate of flow 

d 

ae through a corresponding area A as shown in Fig. 1. If the 


dt 
flow is turbulent, we may assume that an equal number of fluid 
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particles AQ= contact each unit of surface AS in a unit of time 
and are mixed uniformly with the remaining fluid Q — bf AQ 
(i.e., Q — Q,,). We may further assume that each contacting 
particle acquires a state corresponding to the surface and re- 
tains this state throughout the entire process, also that the un- 
contacted particles retain their original state throughout the 
process; i.e., Q at any point x is a homogeneous mixture of con- 
tacted particles (Q,,) and uncontacted particles (Q — Q.,)- 
On this empirical hypothesis the number of new contacts with a 
surface element is in the ratio 


AQ _ 9 Qe 
Re Qe [1] 


Since the number of total contacts AQ» per element of surface 
AS is assumed constant for any fixed condition of flow and char- 
acter of surface, we may define this constant m as 


but combining Equations [1] and [2] 
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ie Saul Nas PE oe ica Y [3] 


PROCESS INDUSTRIES 


Integrating between the limits 
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The ratio (1 — 2.) is aptly termed by those employing this 


Q 

method as the “by-pass factor” since it represents the ratio of 
uncontacted fluid to the total quantity or the equivalent of the 
proportion by-passed if the remainder be considered subjected 
to a theoretically perfect contact. Usually the contacting 
surface consists of a series of repetitive units of like geometrical 
proportions through which the gas (air) passes in succession 
as for example, rows of staggered pipe or finned tubing or checker 
work (in a forced-draft cooling tower, chemical absorber or gas 
cleaner), or even drops of water. If the surface in the unit is S,, 
and the number of units in a series in the path of the fluid flow is 
n, then Equation [6] becomes 


(1 =) = (e—™S/Q)" — | (: =e Ae. [7] 


That is, the by-pass factor for n units in series is the nth 
power of the by-pass factor for one unit. 

In the case of heat interchange or other process in which there 
is a surface equilibrium established, the possible change in sur- 
face condition must be taken into account as well as the element 
of contact. 

Equation [6] may be considered the fundamental equation of 
the contact-mixture analogy. In form and method of analysis 
it is the same as that employed by the author in his 1911 paper? 
on the theory of heat transfer from surface to air in heating, and 
in cooling and condensing. However, he transformed this into an 
artificial resistance and conductance concept. The foregoing 
relation, although in part artificial as are all other methods of 
approach nevertheless is often a convenient general and funda- 
mental solution to commercial problems of heating, cooling, 
evaporation and condensation of vapors in gaseous mixtures. 
For combinations other than water and air, however, Arnold’s 
correction ratio for differences in diffusion rates, which is dis- 
\ cussed in a paper? by Carrier and Mackey, will have to be em- 
_ ployed. For this purpose Arnold’s study is a most valuable 
contribution. In general, his theory is obviously correct but we 
believe his correlation could be simplified by the use in part of the 
contact-mixture concept instead of the Prandtl analogy. The 
contact-mixture analogy also applies more logically to theory of 
gaseous fluid friction than does the Reynolds’ theory, since there 
is actually no shear in gases and therefore no true viscosity, but 
only loss and gain of momentum of molecules in the processes of 
contact, molecular diffusion, and mechanical mixture. Here 
mechanical mixture and consequent change of momentum are the 
preponderant factors at higher velocities in determining energy 
| losses. By analogy, mechanical mixture would seem to be the 


4 “Air-Conditioning Apparatus,” by W. H. Carrier and F. L. 
Busey, Trans. A.S.M.E., vol. 33, 1911, p. 1055. 


U oF | 
LIBRARY 


PRO-59-2 51 


most important factor in processes of heat transfer at these 
velocities. 

The contact-mixture analogy may also serve to correlate 
directly and logically, heat transfer with fluid friction. It offers 
perhaps a more basic approach than previous methods. 

The following examples will illustrate the use of the contact- 
mixture analogy: 

Example No.1. Assume air to be heated with a series of 
heating elements in which m has been determined by experiment 
for a given air velocity for a given type of surface in accord- 
ance with Equation [7] where n = 1. Assume the surface of 
these elements have the constant average temperature t, and 
that the initial temperature of the air is 4. What is the final 
temperature t? The percentage of noncontacting air, i.e., by- 
passed air is 


This will have its original temperature h. 
The percentage of contacting air is obviously 


[CDT sree 


This portion is at the temperature ¢,. 
The temperature of the mixture is obviously 


Ose 2) a 
1— = ; —4{1—* 
(i) Poe 10-8) FI]: 
(e—™Su)n Hee ol {1 ae (e—mSu)n] t, 


For example, if 4: = 20 F, t, = 227 F, e~™S* = 0.70, and 
n — 4, then we will have 


b, 


= 


t = [(0.70)4 X 20] + [1 — (0.70)4] X 227] 
= (0.24 X 20) + (0.76 X 227) = 177.3 F 


Example No. 2. Assume that the same surface is used in cool- 
ing and dehumidifying air and that the refrigerant tempera- 
ture in cooling coils is 40 F, and that the mean surface tempera- 
ture is 46 F (this varies with the load); that ¢; = 80 F, and that 
the corresponding relative humidity is approximately 50 per cent, 
ie., that there are 78 grains of moisture per pound of dry air 
(Wi = 78). 

Taking t, as 46 F, W, = 46 grains, the by-pass factor is ap- 
proximately the same as before, i.e., 0.24. The final tempera- 
ture ty is 


to = (0.24 X 80) + (0.76 X 46) = 54.2 F 
The moisture content W» is 
W2 = (0.24 X 78) + (0.76 X 46) = 53.7 grains 


Therefore, the final condition of the air is 54.2 F and contains 
53.7 grains of moisture, approximately. Referring to the psy- 
chrometric chart, the dew point is approximately 50 F, the wet- 
bulb temperature slightly under 52 F, and the relative humidity 
approximately 87 per cent for the leaving air. Moisture cal- 
culations are on the assumption of standard barometric conditions. 

It should, however, be noted that it is possible to obtain 
the same result directly from the chart and the by-pass factor, 
by drawing a line connecting the point corresponding to 80 F 
and 78 grains of moisture to the point corresponding to 46 F 
saturated. Then taking a point on the line located at 24 per 
cent of the length of the line from the saturation point, i.c., 
taking the intersection of this line with the abscissa 8.2 = [0.24 
(80 F — 46 F)] from the 46 F abscissa as shown in Fig. 2, we get 
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graphically the same results of temperature and moisture content 
as before. This necessarily follows from the fact that on the 
chart the grains of moisture are represented as linear functions of 
temperature. This line drawn on the chart represents the cool- 
ing path of the air with respect to both temperature and mois- 
ture as it passes over the surface. The value of employing the 
chart is to show graphically this linear relationship. This is a 
common practice. But it depends entirely upon the approxi- 
mate validity of the contact-mixture analogy. Actually, the 
ratio in change of moisture content should be slightly greater 


than the corresponding ratio of temperature change owing to the 
fact that the rate of moisture diffusion in the laminar film is 
greater than that of the accompanying air. The error will be 
about in the order of the difference between the temperature of 
adiabatic saturation and the radiation-shielded wet bulb. This 
is, as shown in another paper’ on psychrometry, somewhere in 
the order of 3 per cent for water vapor and air at high velocities. 
This error would hardly be observable commercially. 

A corresponding process of calculation can be employed in 
determining the results to be obtained from evaporative con- 
densers. In both condensing and evaporating surface, it is usual 
to employ nonferrous extended surface coils and the difference 
between the refrigerant temperature and surface temperature is a 
linear function of the total heat load. This factor has to be 
determined experimentally for each general type of heater. 
Experimental determinations check out within the accuracy of 
observation, the dependability of the foregoing method of cal- 
culation. 


Comparison or Contact-Mixturge ANALoay Wits ConpuctT- 
ANCE FORMULA 


It is further interesting to compare the general equation of 
the contact-mixture analogy with that obtained by the use of the 
thermal-resistance or thermal-conductance concept. From the 
former analogy, we have the following equation wherein m con- 
tact factor, S = the total surface, t, = the surface temperature, 
t; = the initial temperature of air, and f = the final temperature 


b= "(agen 9) el eS) ee [8] 


By rearrangement 


ts —— ty m 
log, (: <P = (*) SESS ah eA. 


From the conductance concept, we have the general formula 


where K is the coefficient of conductance in Btu per square foot 
per hour of surface per degree difference of temperature; dH is 
the differential rate of heat transfer per unit of time and dS is the 
differential of surface. From the thermal properties of the air, 
where C, is the specific heat of the air; @ is the total weight in 
pounds of air per hour flowing over the element of surface dS; dt 
is a change of temperature which takes place in the air when 
flowing over the element of surface dS at the rate of G; and K is 
the coefficient of heat transfer between the surface and the air 
for the particular condition, we have the following two equations 
for dH 


dH = K (t, — 1) dS 
also 
GHa—1O,Giat 


Therefore, we may equate the two equivalent values of dH as 
follows 
C,G dt = dH = K (t. —t) dS 
dt K 


= —4ds 
ee ee Ola 


Integrating this equation between the limits 
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It will be noted that Equation [11] is identical in form with 
Equation [10] and 


we have 


hence 


It is to be noted that K is an experimental value dependent 
on the velocity, and is also a direct function of the specific heat 
Cy and the density p; G is the weight of the air in pounds per 
hour and is a direct function of the velocity, the free area through 
the heater and the density of the air. For fuller discussion of 
these relationships refer to the author’s 1911 paper‘ and a paper® 
by Lewis, McAdams, and Frost. 


FRIcTIONAL RESISTANCE TO FLow 


It is almost obvious that the same reasoning will apply with 
equal force to determination of frictional resistance to flow of 
gases and to the correlation of the frictional resistance with heat 
transfer. Consider as before, a body of air Q passing over a 
surface S. In an element of surface dS there will be a definite 
contact as before of AQ» particles with the element of surface. 
Let m be this ratio. Then as before, we have AQs = mAS 


also 
but combining with Equation [4], we have 


Qz _ 1 
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5‘‘Heat Transfer by Conduction and Convection,” by W. K. 
Lewis, W. H. McAdams, and T. H. Frost, Trans. A.S.H.&V.E., 
vol. 28, 1922, p. 55. 
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which means that the ratio of the total number of particles com- 
ing in contact with a surface, to the total volume handled is in the 
ratio of the logarithm of the reciprocal of the by-pass factor. 
It is assumed that each particle that actually contacts with the 
surface film loses its momentum completely which has to be re- 
stored upon its diffusion through the film and mechanical mix- 
ture into the body of the gas stream. 

Let Hy be the energy absorbed by gaseous friction (i.e., by 
loss of momentum of the particles contacted with the surface), 
u the velocity of the gas stream, and p the density of the gas, 
then 


wu? 
Fee Qzeu? _ i dar it} 
29 29 Q. 
Q 
The term, “velocity head” is quite generally employed to 
mean the head in terms of a gas (or equivalent liquid) column 


corresponding to the velocity. Let this be designated by hy 
which is defined as 


2 
h, = — 
29 
‘but from the general energy equation Hy = Qphy 
therefore 
mS 


hy 1 
— =log,| 1— 7. | = = 
ee Q, Q 
Q 
-which means that the number of velocity heads lost is equal to the 
logarithm of the reciprocal of the by-pass factor, 


hy 1 ms KS th 
ee Oe va) aaah mea Cae 


Ay Q. Q C2G 
= 10 ts = Ee) 
a. Se Ww, i W, 


1 et 
Q 

These equations it will be seen tie together all relationships 

basic to the contact-mixture theory. As previously explained, 
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however, the formula for change in moisture content is only ap- 
proximately correct for the reason that the value m for water 
vapor is slightly greater than that for the accompanying air ow- 
ing to its greater rate of diffusion in the laminar film. At high 
velocities this difference is of little significance while at very 
low velocities it may become very appreciable. In most com- 
mercial installations, however, the velocities are high rather than 
low. 


APPLICATION OF Contact-MixtuRE THEORY TO NONTURBULENT 
f FLow 


From the discussion on turbulent flow it is evident that the 
friction varies as a power of velocity slightly less than 2 because 
of the fact that m does not increase quite as fast as the velocity. 
With the nonturbulent flow, however, there is still contact with 
the surface film but no mechanical mixture. Here it can be 
shown, by the same reasoning, that the friction is approximately 
directly proportional to the velocity instead of nearly propor- 
tional to the square of the velocity. 

In nonturbulent or laminar flow, which occurs at velocities 
below the critical, the heat conduction is not increased by in- 
crease of velocity, i.e., the number of contacts is not increased 
by any change of velocity since the particles are mixed entirely 
by molecular diffusion and not by mechanical mixture. In the 
case of turbulent flow m increases with the velocity at a power 
slightly less than unity. If we represent m for turbulent flow as 
Mn, We will have the approximate ratio of 


Ey aR 

mp u 
or 

2 ry 

ey: 


From this it will be seen that if the friction with turbulent flow 
varies approximately as the square of the velocity, then the fric- 
tion of nonturbulent flow varies directly as the velocity. 

It will be seen from all the foregoing relationships that the 
contact-mixture theory adequately explains, at least by analogy, 
all the phenomena connected with gas flow and heat transmis- 
sion. Also, that it conforms with the accepted dynamical theory 
of gases. 
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The Contributions of the U.S. Bureau of 


Mines to Helium Production’ 


By C. W. SEIBEL,? AMARILLO, TEXAS 


The production of helium for commercial use is of 
particular interest at this time since it had its inception 
in the State of Texas and has been carried on chiefly in 
that state ever since. The development of helium produc- 
tion is an excellent example of how American engineers 
attempt the seemingly impossible—and win. It also 
demonstrates the rapidity with which an almost hopeless 
undertaking can be completed when a determination 
really has been made to do so and the necessary funds are 
available. In this paper are outlined the early history 
of helium production, the steps in the necessary prelimi- 
nary research, and how the data were applied. Early 
repurification plants are described, and facts given con- 


cerning the present Amarillo plant. 
if lium was a chemical curiosity. Radioactive minerals were the 
chief source of supply; not more than a hundred cubic feet 
of helium had been isolated in the world and probably not more 
than two or three cubic feet in the United States. It sold in 
small quantities at the rate of $2500 per cuft. At that rate it 
would have cost approximately $450,000,000 to produce enough 
helium to fill a small blimp. 

The British Government was anxious to replace hydrogen 
in lighter-than-air craft with an inert medium and helium 
seemed to be the only possible substitute. Disregarding the 
apparent hopelessness of the undertaking, it was suggested by 
English scientists, headed by Sir Richard Threlfall, Sir William 
Ramsey, and others, that the production of helium for aero- 
nautical purposes be investigated. The matter came to the 
attention of Dr. R. B. Moore and G. A. Burrell, both of the 
U. 8. Bureau. of Mines; they called upon an official of the War 
Department on June 1, 1917, and explained the possibilities to 
him. On that date our present story really began. 

Matters moved rapidly in those days, and by July 31, 1917, 
$100,000 had been allotted in equal shares by the Army and 


N APRIL, 1917, when America entered the World War, he- 


1 Published by permission of the Director, U. S. Bureau of Mines. 

2 Supervising Engineer, U. S. Bureau of Mines Helium Plant. 
Mr. Seibel was graduated from the University of Kansas in 1913 
with a B.S. degree and in 1915 he received his M.S. degree. From 
1913 to 1917 he was an instructor in chemistry at the University of 
Kansas and, under the directorship of H. P. Cady, carried out most 
of the early analytical work on field samples for the government 
helium project. He is the author of a thesis, ‘‘Rare Gases in Natu- 
ral Gas.’”” He has been employed by the U.S. Bureau of Mines 
since 1917. He had charge of the design and construction of the 
Army and Navy helium-purification plants at Scott Field and Lake- 
hurst and was codesigner with C. F. Cook of the Amarillo plant. 

3 ‘‘Commercial Production of Helium,’ by F. G. Cottrell, Chemical 
and Metallurgical Engineering, vol. 20, no. 3, Feb. 1, 1919, pp. 104- 
114. 

Contributed by the Process Industries Division and presented at 
the Semi-Annual Meeting of THz AMERICAN Socipty oF MECHANICAL 
ENGINEERS, held at Dallas, Texas, June 15 to 20, 1936. 

Discussion of the paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until March 10, 1937, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Norn: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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the Navy to investigate the possibility of producing helium as a 
substitute for hydrogen for balloons and dirigibles. 

The undertaking naturally fel) into two major divisions: 
What to use as the source of helium, and the method to be em- 
ployed to extract it from the raw material. 

Through discoveries by Dr. H. P. Cady and David McFarland 
of the University of Kansas, in 1905, it was known that certain 
natural gases contained appreciable amounts of helium. A 
search was started at once for a suitable gas field. 

Dr. Cady was appointed consulting chemist on the staff of the 
Bureau of Mines and all the early analytical work on field samples 
was performed by Cady and his coworkers. He also engaged in 
research work, the results of which influenced the design of various 
helium plants that were constructed later. During the early 
days Cady contributed materially to knowledge of the limits of 
inflammability of mixtures of helium and hydrogen, the solu- 
bility of helium in liquid natural gas and nitrogen, and the 
diffusion of helium through balloon fabric. 

As a result of the field investigations it was decided to use as the 
source of helium natural gas from the Petrolia Field of Texas, 
which, by reason of the Lone Star Gas Company’s pipe-line 
system, was available to the city of Fort Worth. That gas con- 
tained approximately one per cent of helium. 

It was conceded generally that if helium were to be produced 
from natural gas the system to be used probably would involve 
the liquefaction by means of pressure and low temperature of all 
of the constituents of the natural gas except the helium. An 
investigation, therefore, was made of the processes employing 
low-temperature liquefaction in the production of oxygen from 
liquid air, particularly those of the Linde Air Products Company, 
the Air Reduction Company, and the Jefferies-Norton Corpora- 
tion. 

Perhaps speed was lent the project by a letter from the English 
Admiralty received the latter part of July, 1917, in which it re- 
quested that America do what it could to produce helium and 
that it would like to obtain 100,000,000 cu ft at once and would 
be in a position to take 1,000,000 cu ft per week thereafter. 
Additional sums were allotted by the Army and Navy in October, 
1917, and by November the matter had progressed so far that con- 
tracts were awarded the Linde Air Products Company and the 
Air Reduction Company covering the building of modified units 
of their liquid-air plants for the production of helium. Later a 
similar contract was made with the Jefferies-Norton Corporation. 

Construction of the two experimental plants on the outskirts 
of Fort Worth, Texas, was begun almost at once, the work being 
supervised by the Quartermaster Corps of the U.S. Army. The 
Linde plant was completed in March, 1918, and the Air Reduc- 
tion Company’s plant in May. Helium of 28 per cent purity 
was produced by the Linde plant by March 22, 1918. The quan- 
tity and quality of the output of this plant improved gradually 
until by September the production of about 5000 cu ft per day of 
approximately 70 per cent helium was being maintained. This 
crude helium was then repurified and a 92 or 93 per cent product 
was produced. Varying amounts of helium also were produced 
by the Air Reduction and Jefferies-Norton plants. By November, 
1918, only one year after the contract to build the plants had been 
let more than 200,000 cu ft of helium of 93 per cent purity had 
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been produced and 147,000 cu ft of it was on the dock at New Or- 
leans, La., awaiting shipment to Europe. 

American industry had stepped into the breach again. It had 
accepted the challenge to produce a chemical element that 
was contained in a natural gas to the extent of only one per 
cent; a substance that had been a chemical curiosity up to that 
time; not more than 100 cu ft of which had been isolated in all 
the world; which had sold for $2500 a cu ft; and for the produc- 
tion of which no commercial-scale plant had ever been con- 
templated. Less than one year after accepting the challenge, 
two plants had been constructed and the third one was under way. 
Helium was being produced in quantities at a purity of 93 per 
cent and at a cost of approximately 44 cents per cu ft. 

During the war the Bureau of Mines had jurisdiction over the 
experimental plants. Shortly after the armistice these units 
were closed, but the production of helium was a reality and the 
Army and the Navy had already decided to build and had plans 
well along for a full-scale unit with a capacity of about 50,000 
cu ft of helium per day. The new unit was to use the Linde sys- 
tem, which had been most successful in the experimental stage. 
The construction and operation of the new plant was under the 
jurisdiction of the Navy Department, and the Navy maintained 
supervision of it until July 1, 1925, when all helium production 
was placed under the Bureau of Mines. All told, the Fort Worth 
helium plant produced approximately 48,000,000 cu ft of helium 
during its existence. 

Even during the life of the experimental plants it was recog- 
nized that the Petrolia Field could not be depended on as a source 
of helium for many years; in fact, it was estimated that it would 
be depleted, in so far as large-scale helium production was con- 
cerned, in approximately ten years, or by 1929. However, in a 
war project other factors more than offset its limited capacity. 
The prediction was proved to be accurate, and it was seen as early 
as 1927 that the Petrolia Field could not support the helium proj- 
ect on an economical basis much longer. The plant was shut 
down in January, 1929, and helium activities were moved to 
Amarillo, Tex. 


RESEARCH 


It is not surprising that the experimental helium plant de- 
veloped during the press of war days was not all that could 
be desired from the standpoint of efficiency and economy. The 
engineers of the Bureau of Mines felt that if further thought and 
experimental study could be given to the production of helium, 
the cost could be reduced greatly, even below the best antici- 
pated performance of the large Fort Worth plant. Therefore, 
with the financial assistance of the Army and Navy the Bureau 
established its Cryogenic Laboratory at Washington, D. C., 
early in 1921. It obtained a staff of research workers who set out 
to learn something of the fundamentals required in the efficient 
production of helium. 

The ramifications of the research were wide and varied. There 
were the questions of specific heats, composition of coexisting 
phases, solubility of helium in the liquid components of natural 
gas, behavior of metals at low temperatures, calculation of heat- 
exchanger surfaces, design of the interchangers, prior removal of 
certain objectionable constituents from natural gas, such as 
carbon dioxide, the method of refrigeration to be employed, de- 
velopment of valves for special purposes, and selection of heat 
insulators. Through it all the Bureau carried on field investiga- 
tions, hoping for the discovery of other sources of helium sup- 
plies. Some of these phases will be considered briefly here. 

With the cooperation of the U. S. Navy Yard at Washington, 
D. C., a rather comprehensive study was made of the behavior of 
various metals at liquid-air temperature. It was found that 
metals increase their ultimate tensile strength from a few per cent 


to nearly 100 per cent at the temperature of liquid air, approxi- 
mately 312 deg below zero F. However, most of the steels tested 
lost practically all of their ductility and showed very little if any 
elongation. Some of the nonferrous metals, such as copper, 
brass, monel metal, and nickel, retained an appreciable percentage 
of their normal ductility. It was thought that solder, because 
of its tin content, might suffer through a change of the tin to the 
gray modification. However, possibly because low tempera- 
ture retards the rate of reaction, there has been no evidence, either 
during experimental work or in actual use, to indicate that solder 
suffers materially from “tin disease” at liquid-air temperature. 
As a result of this experimental work it was decided in so far as 
possible to eliminate the use of steel wherever very low tempera- 
tures were involved. As a result virtually all of the low-tem- 
perature equipment of the helium-production plant is fabricated 
either from hard-drawn copper or rolled or worked naval bronze. 

At the time the experimental helium plant at Fort Worth 
was designed, and even when the large Fort Worth plant was 
designed, little information was available concerning the com- 
position of coexisting phases of the various constituents of our 
natural gas. Furthermore, there was not time to develop that 
information. The fact that the experimental plant worked at 
all speaks well for some of the intelligent guesses that had to be 
made as to numerous features of the design at that time. 

As a result of the work in the Bureau’s cryogenic laboratory at 
Washington, D. C., many missing pieces of information were sup- 
plied. Cylinders of Petrolia gas under high pressure were sent to 
Washington and data were obtained which enabled curves to be 
drawn showing the composition of the liquid and gas phases 
under different conditions of temperature and pressure. These 
data were used in designing the equipment and in selecting the 
type of cycle to be used. 

It was realized early that the solubility of helium in liquefied 
natural gases would determine almost entirely whether fractiona- 
tion would be required to obtain satisfactory recovery. The 
experimental work developed the rather curious fact that above 
a temperature of about minus 180 F little helium would be lost 
by solution in the liquid phase under a certain pressure. At a 
given pressure, as the temperature was lowered, the amount of 
helium lost through solubility effect, gradually increased until a 
temperature of about minus 265 F was reached. At still lower 
temperatures the solubility fell off rapidly until, at the tempera- 
ture of liquid air, the solubility effect was little more than that. 
at minus 180 F. It will be realized, of course, that these figures 
are only approximate and vary with the composition of the natu- 
ral gas. These relations, determined experimentally, indicate 
that for maximum recovery of helium the liquefied constituents 
should be separated from the gas phase either at a relatively 
warm temperature (that is, above minus 180 F), or at a relatively 
cold one (approximately minus 292 F to minus 310 F). 

Little could be learned from the literature relative to the 
method of calculating heat transfer at these very low tempera-— 
tures. Experimental work therefore was undertaken on different 
types of heat exchangers. As a result of these experiments the 
Bureau has preferred to use, where possible, interchangers of a. 
multiple-tube type. The construction is somewhat like that of 
a fire-tube boiler, being primarily a series of relatively small tubes 
soldered into a tube sheet and surrounded by a wall of a thickness. 
necessary to withstand the pressure required. It might be men- 
tioned that most heat-exchanger calculations are based on the 
use of clean tubes. For the calculation of heat exchangers at 
very low temperatures one must not fail to consider that the ma- 
terial handled may contain appreciable quantities of water vapor 
or other condensable substances that may condense to solids on 
the tubes of the exchanger. These solids, if on the inside of the- 
tube, diminish the heat-exchange surface and reduce the ability 
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of the tubes to transmit heat. As a result, in designing inter- 
changers for this type of work care must be taken not to let data 
obtained for clean tubes influence one unduly. 

The matter of applying heat-insulating material received con- 
siderable thought by the engineers of the Bureau of Mines. 
Substances that may be adequate for moderately low tempera- 
tures may not be entirely satisfactory when the temperature of 
the equipment to be insulated approaches that of liquid air. 
Effectiveness of the insulating material from a standpoint of over- 
all economy and efficiency was investigated and decided upon 
finally to the satisfaction of the Bureau. Two kinds of insulation 
are used, felted hair and a so-called ‘mineral’ wool. Both 
have advantages and disadvantages when used in the type of 
plant under discussion. Insulation varies in thickness, depend- 
ing upon the type and size of the equipment to be insulated, 
from about 3 to 10inches. Because the insulation in the Amarillo 
plant is adequate, there is little external evidence of the intense 
cold that is maintained in parts of the equipment. 

The Bureau investigated the relative worth of the two systems 
of low-temperature refrigeration, that obtained by means of an 
expansion engine and that due to the Joule-Thomson effect. 
Here again each method has its adherents. While theoretically 
the use of expansion engines is considerably more efficient than 
the use of the Joule-Thomson effect, practically, the advantage is 
perhaps more apparent than real. In the helium plant under dis- 
cussion refrigeration is obtained by means of both systems, al- 
though an expansion engine is used to obtain the major portion. 

The helium molecule is very small, therefore pipe work, valves, 
and other fittings that might be entirely tight against a pressure 
of several thousand pounds of air might leak appreciably under 
perhaps one half to one third the same pressure of helium. Be- 
cause of this and as the Bureau wished to obtain long-stem valves 
in order that their bodies might be insulated and the heat leak 
thus reduced as much as possible, several types of valves were 
designed. A special type of packing for the valve stems also was 
developed, since packing containing an oily lubricant could not 
be used at low temperature. Leather seems to be the most satis- 
factory material to use as valve-stem packing. 

Many special instruments and pieces of equipment have been 
designed and constructed by Bureau research workers in connec- 
tion with the production of helium. Continuous recorders have 
been developed to record the percentage of carbon dioxide in 
the incoming and outgoing gases; also, a somewhat complicated 
but nevertheless satisfactory piece of equipment has been de- 
veloped for recording the amount of helium in the tail gas. When 
it is considered that the tailings contain only about one eighth 
of one per cent of helium in an otherwise normal natural gas, one 
can realize the sensitivity of the apparatus. 


EARLY REPURIFICATION PLANTS 


It is evident that helium leaks slowly from the envelope of the 
airship. It is not so apparent, but nevertheless is true, that air 
leaks into the envelope and eventually dilutes the helium to such 
a degree that it is no longer economical to use it as a lifting me- 
dium. Even before a helium-filled ship had actually flown, it 
was appreciated that a repurification plant would be desirable 
for the purpose of removing the contaminating air and bringing 
the purity of the helium to 98 per cent or more. The increased 
purity of approximately 5 per cent over that of experimental 
days is quite an item in lighter-than-air craft operation. De- 
pending upon the type and size of the ship, this 5 per cent greater 
purity may amount to a much greater percentage of increase in 
pay load. 

In 1921, when the cost of producing helium was very high, 
Bureau of Mines engineers designed and constructed a mobile 
repurification plant using refrigerated charcoal for the removal of 
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air. Helium having a purity of better than 99 per cent was ob- 
tained. The plant was abandoned later, however, because of 
operating complications and the fact that the cost of producing 
helium from natural gas had been reduced below the cost of 
repurification by refrigerated charcoal. 

At about the same time the Bureau also sponsored a repurifica- 
tion plant based on the liquefaction of the contaminating air. 
Through an accident this plant was made inoperative before it 
had had an opportunity to prove itself. 

The two plants mentioned above were constructed before 
adequate experimental data were available and should therefore 
be classed with the experimental production plants built during 
the war days. 


ResEarcH Data APPLIED 


As a result of much experimental work, such as has been out- 
lined briefly, Bureau of Mines engineers were able to design for 
the U. S. Navy at Lakehurst, N. J., a helium-repurification plant 
with a capacity of 20,000 cu ft of helium per hr. Its performance 
equaled the prediction made for it at the outset and as a result 
the Bureau was requested to build a similar small mobile plant for 
the Army. 

This mobile unit was self-contained, was mounted on a rail- 
road boxcar, and had a capacity of 5000 cu ft per hr. It has 
since done good work both at Scott Field and at Langley Field, 
stations of the Army Air Corps. Later, a stationary plant was 
designed for the Army and was erected by the personnel of 
Scott Field, Belleville, Ill. The present capacity of this plant is 
10,000 cu ft of helium per hr, although the equipment has been 
designed so that, with the addition of the necessary helium com- 
pressor, the total capacity can be doubled. 

While the repurification plants were being designed and con- 
structed, a group of Bureau of Mines engineers was working on 
the production of helium from natural gas. Their work went 
through several stages, including laboratory experimental work, 
a laboratory-size model, a semicommercial-scale model, and 
eventually a full-sized plant. 


AMARILLO PLANT 


When, in 1927, it was definitely evident that the Petrolia Field 
could no longer meet the helium requirements of the Army and 
Navy, the experimental work had progressed to a point where 
the Bureau felt that it could design a helium plant that would re- 
duce the cost of production materially. 

The field investigators of the Bureau had discovered a helium- 
bearing gas field at Amarillo, Tex. This field was owned in four 
large blocks, was practically virgin, and the natural gas in it con- 
tained approximately 13/4, per cent of helium. The natural gas 
in this field is under a rock pressure of more than 700 lb per sq in. 
The Government now owns the gas rights in fee in 50,000 acres 
covering the field. 

A plant site 71/2 miles west of the city of Amarillo and con- 
nected to the field by a welded 6-in. line was chosen. Construc- 
tion of the plant proper began in August, 1928, and by April, 1929, 
it was producing helium. 

The plant buildings and all of the special equipment dealing 
with helium extraction were designed by Bureau of Mines en- 
gineers. Practically all of the special equipment now in use 
was fabricated at the Bureau’s Amarillo helium plant, where a 
very complete machine shop, welding shop, and auxiliary equip- 
ment are maintained. Special recorders were constructed to 
indicate continuously the purity of the crude helium and that of 
the final product as delivered to the shipping containers. Other 
recorders analyze the nitrogen that is extracted in small quan- 
tities from the natural gas for use in the closed nitrogen-refriger- 
ation cycle. Potentiometers are used for indicating the tem- 
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TABLE 1 GOVERNMENT HELIUM PRODUCTION AND COSTS, APRIL, 1921, TO DECEMBER, 1934 


Gross operating cost Net operating cost 

(expenditures in oper- (gross operating cost 

ation and maintenance) } less return from sale of 
residue gas) > 


Average Return Average 
' per M from sale per M 
Production® cu ft of residue 


cu ft 
Period eu ft Total produced gas Total produced 
Fort Worth plant:¢ 


Under jurisdiction of Navy Depart- 


ment: 
April to June, 1921. ............ 260,520 $126,694.05 $486.31 re ae 
July to December, 1921........ 1,841,000 $20,859.78 174.28 ° ..... sae 
October, 1922, to June, 1923¢.... 4,069,940 489,299.70 120.22 z:kveya ety > LO See +oae 
July, 1923, to June, 1924....... 8,204,665 636,438°38. Tits atta, Tee eee 
July, 1924, to June, 1925....... 9,418,363 451,084.58 ATASOLY S20 2 ER PR  § teh 


23,794,488  2,024,376.44 bS4 SiO ih alate i ial cst ch! = Pe orl ahh 9 


Under_jurisdiction of Bureau of 


Mines: 
July, 1925, to June, 1926....... 9,355,623 318,446.40 34.04 eee ae ee Bs ee ee 
July, 1926, to June, 1927....... 6,330,056 277,384.70 Ae alliance mend ty prin 
July, 1927, to June, 1928....... 6,687,834 274,210.54 AL6.00): sinehtero ig) ancl) o )oadese 
July, 1928, to Jan. 10, 1929..... 2,638,894 121,440.65 46.02 Pe rami es ee arses" Gere ee 


25,012,407 991,482.29 Ce a Ona ne csc) 8 lca oot 


Amarillo plant:¢ 
Under jurisdiction of Bureau of 


Mines: 
Aprilito dune 1029. nc teetersne ei a 844,900 27,833.16 32.94 $ 2,645.32 $25,187.84 $29.81 
July, 1929, to June, 1930....... 9,805,600 140,146.75 14.30 30,445.43 109,701.32 11.19 
July, 1930, to June, 1931....... 11,362,730 150,190.53 13.22 32,510.24 117,680.29 10.36 
July, 1931, to June, 1932....... 15,171,680 148,545.26 9.79 40,862.43 107,682.83 7.10 
July, 1932, to June, 1933....... 14,749,960 151,165.51 10.25 37,661.70 113,503.81 7.70 
July, 1933, to June, 1934....... 6,534,270 63,528.33 9.72 17,585.94 45,942.39 7.03 
July to December, 1934........ 6,391,270 54,954.24 8.60 16,762.42 38,191.82 J/5.98 


64,860,410 736,363.78 11.35 178,473.48 557,890.30 8.60 


@ Production from the Fort Worth plant represents volume of airship gas produced, which had an average 
helium purity of 93 to 94 per cent under Navy Jurisdiction and about 95 per cent under Bureau of Mines jurisdic- 
tion. Production from the Amarillo plant represents actual helium in the airship gas of better than 98 per cent 
purity produced by that plant. Therefore, the advantage of the Amarillo plant from standpoint of cost is about 
5 per cent greater than a direct comparison of the figures indicates. 

’ Gross operating costs for the Fort Worth plant represent expenditures in operating and maintaining the plant, 
including current expenditures for natural gas. The Government did not own the gas field that supplied the Fort 
Worth plant, so there was no return from sale of residue. Gross operating cost for the Amarillo plant represents 
expenditure in operating and maintaining both the plant and the Government-owned gas properties. This gross 
operating cost at Amarillo is a measure of the amount that must be available to the Bureau of Mines for current 
expenditure. Returns from sale of residue gas, in excess of its cost, must be deposited to credit of miscellaneous 
receipts of the Treasury and therefore are not available for expenditure by the Bureau. As the net operating cost 
is computed by subtracting current returns from current expenditures, it is a measure of the net withdrawal of 
funds from the Treasury for operation and maintenance. 

© Costs at the Fort Worth plant are based on compilations by the Bureau of Efficiency from records of the Navy 
Department and the Bureau of Mines. (Report of Bureau of Efficiency in hearing on Amarillo helium plant before 
the Committee on Mines and Mining, House of Representatives, 71st Congress, second session, p. 210.) _The costs 
do not include depreciation or depletion, and those for period of Navy jurisdiction do not include cost of Washington 
administration. £ 

d Plant closed in 1922 from January to September, inclusive, because of lack of funds. 

¢ Compiled from Bureau of Mines records. The costs do not include depreciation or depletion. 

f Unit costs for year 1934 abnormally low because of Government pay cuts, furlough of employees, and reduction 
of plant crew to the minimum required to man plant and gas field for intermittent operation. In normal times con- 
siderably higher unit costs for a like volume of production may be expected. Average costs for entire fiscal year 


1935 probably will exceed those for the first 6 months. 


perature in various parts of the equipment; high-pressure 
liquid-level gages on the U-tube principle have been designed and 
constructed for determining the level of low-temperature liquids 
in various containers under pressures of approximately 3000 lb 
per sqin. A brief description of the operation of the plant is as 
follows: 

The first step in the process is the removal of the small amount 
of carbon dioxide which the natural gas contains. The Bureau 
has carried on extensive research looking toward a more satis- 
factory method of performing this operation, but as yet nothing 
that has decided advantages over the system developed by the 
Navy Department at the old Fort Worth plant has been found. 
Carbon dioxide is removed by scrubbing the incoming gas with 
a 7-per cent solution of sodium hydroxide and the resulting 
sodium carbonate is reconverted to hydroxide by the use of lime. 
The gas leaves the carbon-dioxide scrubbers at approximately 
pipe-line pressure of about 650 Ib per sq in. By means of heat 
exchangers the gas is cooled progressively to approximately 300 
deg below zero. At that temperature and under the pressure 
used in this part of the apparatus, virtually all of the constituents 
of the natural gas except helium and a small amount of nitrogen 
become liquid. The helium is withdrawn from the top part of 
the apparatus and the liquid from the bottom. The liquids are 


returned through the exchanger countercurrent to the incoming 
stream, and the gas resulting from their evaporation is sold to the 
local gas company. A complete trip through the entire appara- 
tus for any given cubic foot of gas takes place in less than a min- 
ute. 

The heat leaks in the system are made up primarily by means 
of the expansion-engine cycle. Nitrogen that is separated from 
the natural gas is compressed and sent through an expansion en- 
gine. The engine runs an electrical generator to remove heat 
energy from the nitrogen. As a result, the engine exhaust is 
lowered and the exhaust is used to cool the high-pressure nitrogen 
flowing to the engine. This continues progressively until a suf- 
ficiently low exhaust temperature has been reached. This nitro- 
gen-refrigeration cycle is entirely separate from the gas cycle. 
It would, of course, be easier to use air as a refrigerating medium 
than to use nitrogen; however, air or the resulting liquid oxygen 
from it might possibly come in contact with liquid methane 
through accidental leaks. Liquid oxygen and liquid methane 
form a dangerous explosive, which explodes with little or no provo- 
cation and certainly no warning. In violence such a mixture 
is approximately equal to nitroglycerine. 

The minimum purity of helium shipped from the Amarillo 
helium plant is 98.2 per cent. This helium is produced in two 
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steps. In the first operation a crude helium is obtained having a 
composition of about 50 per cent nitrogen and 50 per cent helium. 
High-purity helium can be produced in one cycle, but the result- 
ing loss of helium due to the solubility effect warrants the use of 
two separate cycles. By producing the helium in two opera- 
tions, which are carried on simultaneously, the final product of 
98.2 per cent helium leaves the unit at high pressure and can be 
discharged directly into tank cars or other shipping devices, thus 
avoiding compression of the pure helium, which is not only diffi- 
cult but costly. 

From the standpoint of what research can do for an industry, 
it is interesting to note the comparison between the performance 
of the old Fort Worth plant and the Amarillo helium plant. 
However, it should be borne in mind that the operation of the 
Fort Worth plant was very creditable when one considers the 
lack of information and data at the time of its design and con- 
struction. During the first real operating period of the Fort 
Worth plant, the cost of operation was approximately $175 per 
thousand cubic feet of the helium produced. The cost was re- 
duced rapidly, until by June, 1925, it had reached a yearly 
average of about $47 per thousand cubic feet. The best yearly 
figure for the Fort Worth production, that of July, 1925, to June, 
1926, was about $34 per thousand cubic feet. A total of ap- 
proximately 48,000,000 cu ft of helium was produced during the 
operating life of the Fort Worth plant. 

The Amarillo helium plant began operations in April, 1929. 
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To date it has produced more than 70,000,000 cubic feet of 
helium at an average gross operating cost of approximately $12 
per thousand cubic feet; however, it has returned to the Treasury 
approximately $200,000 from the sale of the residue gas, giving a 
net average operating cost of about $9 per thousand cubic feet of 
helium. 

During several months of high production, the operating cost 
on the net basis was below $5 per thousand cubic feet, and this 
figure could, in all probability, be maintained if the demand for 
helium allowed operating under full capacity. Table 1, taken 
from the last report of the Bureau of Mines as given in the Miner- 
als Yearbook (current figures in detail have not been released), 
will give a more exact account of the cost of operation. It 
might be noted that the difference in cost of operating the 
Amarillo helium plant from the standpoint of money withdrawn 
from the Treasury as compared with the production of an equal 
quantity of helium at the lowest cost attained at Fort Worth, 
namely $34 per thousand, indicates that the Amarillo helium 
plant has saved the Government to date something more than 
$1,700,000. Since the plant itself represents an investment of 
between $700,000 and $800,000, it is evident that approximately 
a million dollars has been saved, which in effect could apply on 
the Government investment in its natural-gas properties. From 
the standpoint of helium production, it is evident that applied 
research has paid. 

(This paper is not subject to copyright. ] 
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Modified I.S.A. Orifice With Free Discharge 


By M. P. O'BRIEN! ann R. G. FOLSOM,? BERKELEY, CALIF. 


The authors present results obtained with a modified 
type of International Standard Orifice as used for metering 
pump discharges. The annular slot for pressure measure- 
ment of the standard I.S.A. orifice is replaced in the modi- 
fied orifice by a series of slots at the pipe wall and flush 
with the orifice plate. The results given in the paper in- 
clude coefficients obtained with sharp-edged and rounded- 
edged orifices with various orifice-pipe diameter ratios and 
with various approach lengths of pipe. The coefficients 
obtained by the authors with the modified I.S.A. orifice 
are compared with coefficients of the standard I.S.A. orifice. 


IELD CONDITIONS do not permit universal use of any one 

| Ree method for measuring pump discharges and 
therefore a relatively large number are in common use. 

A device which has been used widely for metering irrigation 
deliveries is a sharp-edged orifice attached to the end of the 
discharge pipe. This method is probably as accurate as any 
of the others commonly used for field testing of pumps, but 
suffers from the fact that the discharge coefficient has not been 
accurately measured. The present paper deals with a particular 
arrangement of this type of free discharge orifice, which will 
be referred to here as the modified International Standard Orifice. 
The International Standard Orifice®? is normally operated 
submerged as a diaphragm or pipe-line orifice. The pressure 
connections consist of annular slots at the same radius as the 
wall of the pipe and flush against the orifice plate. .The entire 
assembly of orifice-plate and pressure connections forms a unit 
which is inserted in the pipe line. In addition to the advantage 
of having the pressure connections made integral with the 
orifice, the I.S.A. orifice has been carefully investigated and the 
conditions of use, the tolerances in manufacture, and the accuracy 
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California. Mem. A.S.M.E. Professor O’Brien received his B.S. 
in Civil Engineering from the Massachusetts Institute of Tech- 
nology in 1925, and served as assistant in civil engineering at 
Purdue University, 1925-1926, and then served as research assistant, 
engineering experiment station, 1926-1927. During 1927 and 1928 
he held the Freeman Traveling Scholarship of the American 
Society of Civil Engineers, and was assistant research engineer at the 
Royal College of Engineering, Stockholm, Sweden, during the same 
period. 

2 Instructor, Department of Mechanical Engineering, University 
of California. Jun. A.S.M.E. Mr. Folsom received the degrees of 
B.S., M.S., and Ph.D. from the California Institute of Technology 
in 1928, 1929, and 1932, respectively. Since his graduation in 1928 
he has worked for one year as part-time research assistant at River- 
side Cement Company, Riverside, California; four years as teaching 
fellow at the California Institute of Technology; and one year as 
engineer for the Water Department of the City of Pasadena, Cali- 
fornia. He has been at the University of California since 1933. 

3 ‘Regeln fiir die Durchflussmessung mit genormten Diisen und 
Blenden,” Deutscher Industrie Normen (DIN), No. 1952, third 
Auflage, V.D.I. Verlag, Berlin, 1935. The organization from which 
the orifices and nozzles derive their name is the International Federa- 
tion of National Standardizing Associations. 

Contributed by the Special Research Committee on Fluid Meters 
and presented at the Annual Meeting of Tom AMERICAN SOCIBTY OF 
MercHANICAL ENGINEnRS, held in New York, N. Y., November 30 
to December 4, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 10, 1937, for publication at a later date. Dis- 


! cussion received after the closing date will be returned. 


Norse: Statements and opinions.advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society, 


have been specified in detail. The I.S.A. standards specify the 
coefficients for free discharge of a liquid into a gas but these co- 
efficients were not based on adequate experimental data and the 
purpose of the work reported here was to supply this information. 

The modified form of the I.S.A. orifice is shown in Fig. 1. The 
annular slot for pressure measurement of the standard I.S.A. 
orifice was replaced by a series of slots at the pipe wall and flush 
with the orifice plate, as shown in Fig. 2. Only one pressure 
connection is necessary with free discharge. The orifice was 
sharp-edged without rounding or burrs and the upstream face 
was smooth. The orifice plate was made of machined stainless 
steel and the holder was of cast aluminum. 


EQUIPMENT AND PROCEDURE 


Setup With S-In. Pipe. The orifice in the 8-in. pipe was 
attached to the end of a horizontal section of new standard 
black wrought pipe of 8 in. nominal diameter and actual average 
internal diameter of 8.10 in. The arrangement of the piping 
and the manometer are shown in Fig. 1. The approach length 
L was varied from 4 in. to 21 ft. The discharge was measured 
volumetrically in a calibrated tank having a capacity of 400 
cu ft. The minimum collection period was 90 sec. 

Setup With 6-In. Pipe. The equipment and arrangement for 
the 6-in. pipe were similar to the 8-inch apparatus. Series of 
tests were made using 20 and 23 diameters of old corroded pipe 
having an average internal 
diameter of 6.13 in. and 50 
diameters of new standard 
black wrought pipe of 6.067 
in. average internal diame- 
ter. The maximum and 
minimum diameters in the 
old pipe were 6.188 and 
6.115 in., respectively. 

All measurements of di- 
ameters were made with ma- 
chinists’ inside micrometers. 
A minimum of ten determi- 
nations on different equally 
spaced diameters were aver- 
aged to obtain the sizes 
given. Pipe diameters were 
measured at the section 1 in. 
upstream from the orifice. 
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DIscHARGE EQUATION 


The selection of a dis- 
charge equation is largely a 
matter of convenience in application. In the case of the free- 
discharge orifice, there appears to be no advantage in including 
the velocity of approach explicitly. For the I.8.A. orifice, the 
basic equation has been assumed as 


where, in English units, Q = rate of discharge, cfs; C = a 
dimensionless coefficient; A = orifice area, sq ft; g = weight 
per unit mass = 32.2 ft per sec per sec; and H = head of 
water measured above the center of the horizontal pipe line, ft. 
The coefficients mentioned in this paper have all been computed 
by means of Equation [1]. 
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The coefficient C is a function of the diameter or area ratio, 
the Reynolds number, the roughness and length of the approach 
pipe, and, to a minor extent, of a generalized parameter repre- 
senting the surface tension. In the range of heads and orifice 
sizes which might be used in the field, the effect of surface tension 
is negligible. As ap- 
plied to the measure- 
ment of water at nor- 
mal temperature, the 
Reynolds number de- 
pends largely on the 
head which may bedem- 
onstrated as follows: 

The Reynolds num- 
ber 


re =v ( 4 /,) 


and since 


V =Q/A =CV/ 29H 
Pate o( 7 


where the kinematic 
viscosity »v is nearly 
constant, A is a fixed 
dimension, and C is it- 
self a function of the 
Reynolds number and the area ratio. Therefore, for any par- 
ticular orifice, the effect of the Reynolds number may be rep- 
resented by plotting the coefficient against the head. 

The I.S.A. standards use A as the area of the pipe in computing 
Reynolds’ number while the new standards of the A.S.M.E. 
Fluid Meters Committee uses A as the orifice area. 
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EXPERIMENTAL RESULTS 


Except for short approach lengths and large diameter. ratios, 
the orifice coefficient does not vary with head in the range tested. 
In Figs. 3 and 4, the measured coefficients are shown for all of 
the combinations of approach length and diameter ratio which 
showed a variation in coefficient with head. Excluding those 
conditions giving such variations, the coefficients are plotted in 
Fig. 5, for comparison with the values specified in the I.S.A. 
standards. The summarized data appear in Tables 1 and 2. 

With the approach length equal to or greater than 20 diame- 
ters of pipe, the coefficients for new pipe showed no progressive 
trend with head, and the deviations from the average were 
small. The mean deviations of these runs were 0.5 per cent 
or less for all combinations. With an approach length equal 
to 8 pipe diameters, the coefficient showed no trend with head 
below a diameter ratio of 0.6, but above this ratio, the coefficient 
decreased with increasing head. The shortest approach pipe 
consisted simply of a short nipple between the orifice holder 
and the flange of the elbow. With this arrangement the coeffi- 
cient decreased with increasing head at all diameter ratios. 
With the shortest approach length, the jet was rough and rotated 
at such a high angular velocity as to cause it to break apart. 
Fig. 6 shows this condition while Fig. 7 shows a normal jet. 

The coefficients with the old corroded 6-in. pipe were high as 
compared with the other values. The increase in coefficient 
was only about one half the value given for pipe roughness in 
the L.S.A. standards. With rough pipe, the tolerance of mini- 
mum Reynolds’ number for constant coefficient and required length 
of straight pipe is apparently higher than with smooth pipe. 


The Reynolds number is a measure of the importance of fric- 
tion, a low Reynolds number corresponding to a larger relative 
friction. From this viewpoint, it would appear that the de- 
creasing coefficients observed might be ascribed to the effect 
of Reynolds’ number. However, it is generally observed that 
as the turbulence increases because of such factors as roughness 
and obstructions, the coefficients of discharge and friction 
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TABLE 1 SUMMARY OF EXPERIMENTAL RESULTS FOR NORMAL SHARP-EDGED ORIFICES AND NONSTANDARD ORIFICE gt 
NEW STANDARD 8-IN. PIPE fg 
Coefficient— Length of Test quantities 
: Deviations, approach Minimum—\ ——Maximum——_ No. 
Run = Ratio —per cent—. _ pipe, Head, Discharge Head, Discharge of 
no. Diameter Area Average Mean Max diameters ft sec-ft ft sec-ft runs 
1-11A 0.797 0.636 0.759 0.5 2.6 31 0.57 1.05 6.75 3.60 
12-13 0.598 0.358 0.646 0.2 0.8 31 0.62 0.52 8.09 1.89 3 
16-18 0.401 0.161 0.610 0.2 0.7 31 2.75 0.45 7.50 OYA G 28 
19-20 0.401 0.161 0.612 Owl 0.3 8 LOL 0.38 hres) 0.79 19 
24-26 0.797 0.636 0.766 0.3 0.8 20 1.41 1.66 6.74 3.64 26 
Normal 27-29 0.797 0.636 0.7756 0.36 0.56 8 4.196 2.89 6.37 3.57 30 
sharp-edged 35 0.401 0.161 0.612 0.4 0.9 20 1.15 0.30 7.63 0.78 8 
orifices 30-31 0.598 0.358 0.655 0.3 0.7 8 0.91 0.64 8.24 1.94 21 
32 0.598 0.358 0.6495 0.26 0.56 1 4.166 1.36 8.13 1.91 28 
33 0.401 0.161 Bis ae sels ee 1 0.744 Ans 8.02 ie 30 
34 0.797 0.636 Rocks se 461 1 0.77% oa 5.45 03 20 
Spec. 0.471 0.222 0.619 ae : 20 es 0 eyeke Bs tn 2 
Spec. 0.662 0.437 0.672 se * 20 nite Pig an wn 2 
14-15¢ 0.401 0.161 ee C2 0.3 31 2.69 0.47 4.84 0.63 6 
‘ .2 0.4 4.96 0.74 7.56 0.91 
Nonstandard 21-22¢ 0.354 0.125 0.613 0.2 0.5 20 1.53 0.27 8.25 0.63 26 
orifices 23 ¢ 0.545 0.297 0.638 0.3 0.7 20 1.12 0.58 8.29 1.57 11 
36d 0.401 0.161 0.613 0.2 0.6 20 0.74 0.24 8.16 0.81 28 
Spec. ¢ 0.787 0.618 0.763 if Bi 20 me Ree, Stat Site 2 


@ Coefficient decreased with increasing head in range of experiment. 
b Average for heads over 4 ft, see Fig. 3. 

¢ Orifice rounded. 

4 Orifice notched. 


TABLE 2 SUMMARY OF EXPERIMENTAL RESULTS FOR NORMAL SHARP-EDGED ORIFICES WITH STANDARD 6-IN. PIPE 


Coefficient 
f Deviations, 
Condition Ratio ——per cent—— 
of pipe Diameter Area Average Mean Max 
Rough 0.596 0.355 0.6512 Ste Sea 
Rough 0.794 0.631 0.777% a aS 
Rough 0.596 0.355 0.650 0.4 iD 
Rough 0.794 0.631 0.778 0.4 1.0 
New 0.601 0.362 0.649 0.2 0.4 
New 0.802 0.643 0.774 0.05 0.1 


@ Average coefficients for heads greater than 4 ft. 


become constant at lower Reynolds numbers than with un- 
disturbed flow. The opposite effect is evident here since the 
shorter approach length evidently causes more turbulence, and 
yet the coefficient becomes constant at a higher head or Reynolds 
number than with the longer approach lengths. The question 
has some practical importance in the application of the data to 
other pipe sizes, if such application is to be made, but it is 
strongly recommended that short approach lengths and old 
corroded pipes be avoided. 

As indicated in Table 1, the tests on one orifice for the 8-in. 
pipe showed an abrupt break in the coefficient from 0.615 to 
0.718 at a head of 4.9 ft. The orifice diameter was 3.255 in. 
and the approach length was 31 diameters. After this orifice 
had been machined initially, a slight burr could be felt and the 
machinist, acting without instructions, took a beveled cut to 
smooth it off. The cut was not noticed until the peculiarities 
of the coefficient appeared. The series was repeated by another 
observer with increasing and decreasing heads with the same 
results. Measurements of the jet with calipers showed the 
diameter of the vena contracta increased in agreement with the 
change in coefficient. This sensitivity to the condition of the 
orifice edge suggested an experiment on the effect of such damage 
to the edge as might occur in handling. An orifice with the 
same diameter but with a sharp edge was tested with a 20- 
diameter length of approach pipe. The edge was then dented 
with a cold chisel at 46 points. The average coefficient before 
and after the edge was damaged was 0.615. Fig. 8 shows the 
jet obtained with the damaged orifice. 

The fact that the coefficient for this orifice at lower heads 
agrees with the general trend suggests that the jet broke clear 
from the upstream face at low heads but that a slight decrease 
in the radius of curvature let the surface of the jet touch the 
beveled face. As soon as it touched, the outer filaments were 
both slowed up and deflected and the abrupt increase in the 
area of the jet resulted. The effect would certainly be un- 
predictable in magnitude and the conclusion to be drawn is 


Length of —Test quantities— 

approach ——Minimum——. ——Maximum-—— No. 
pipe, Head, Discharge, Head, Discharge, of 

diameter ft sec-ft ft sec-ft runs 
19.6 4.14 0.86 7.60 1.04 31 
19.6 4.57 Lite 7.50 2.21 12 
22.6 0.37 0.23 7.89 10% 31 
22.6 0.37 0.49 7.60 2.22 23 
50.0 1.02 0.38 8.02 07; 15 
50.0 1.69 1.05 6.66 2.07 8 
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that the orifice edge should be as sharp as can be produced by 
careful machining. 

The second set of data in Table 1 includes experiments on a 
number of other orifices with slightly rounded edges, none of 
which show a discontinuity in the coefficient. The exact shape 
of the edge could not be measured. The coefficients all lie 
slightly above those obtained with sharp-edged orifices by 
amounts which might well be in proportion to the increase in 
effective area of the aperture. Fig. 9 shows a comparison of 
these coefficients with the normal values. 


64 


RECOMMENDED COEFFICIENTS 


The diameters of the pipes used are in the lower portion of 
the range for which this type of orifice is suitable. The fact 


that the coefficient is constant in the recommended range indi- 
cates that the same coefficients may be employed for larger 
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TABLE 3 COEFFICIENTS FOR MODIFIED INTERNATIONAL 
STANDARD ORIFICES4 


Diameter 

ratio Length of approach pipe, diameters 

31 20 8 L<D 

0.401 0.610 0.612 0.612 Varied 
0.471 ae 0.619 ere 
0.598 0.646 sé “BRR 0.649 
0.662 net 0.672 031656 a 
0.797 0.759 0.766 0.775 Varied 


* Recommended coefficients, given to the left of the line in the table, are 
for a minimum head of 12 in. for 6-in, pipe and larger. The probable error 
of a single measurement is less than 1 per cent. 
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pipe sizes. Diameter ratios in excess of the maximum tested 
are not recommended. The measured coefficients differ from 
the coefficients recommended for the I.S.A. orifice discharg- 
ing submerged by amounts which are less than the average 
deviations of the data. 

On the basis of this agreement with the I.S.A. 
orifice data and the internal evidence of the data 
presented here, extrapolation of the data to larger 
pipe sizes is believed to be justified. The rec- 
ommended coefficients for new pipe of diameters 
6 in. and greater are given in Table 3. 

An approximate formula representing the 
measured coefficients up to a diameter ratio of 
0.8 is 

d 4 
C = 0.60 + 0.40 7 eee 


This formula represents the experimental data 
and the coefficients of the I.S.A. orifice within 
1 per cent up to a diameter ratio of 0.8 with 
approach lengths of smooth pipe equal to 20 
diameters and greater. 

The coefficients given for approach lengths 
less than 20 diameters apply only to the piping 
arrangement used for these tests. Other experi- 
ments show that the piping arrangement above 
the last elbow exerts a marked but unpredict- 
able influence on the coefficient. 
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